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ABSTRACT
Tissue engineering and regenerative medicine have emerged as viable approaches
to repairing osteochondral tissue damage, especially with the implementation of
biomaterials and mesenchymal stem cells (MSCs). Poly(vinyl alcohol) (PVA) is a
synthetic and non-biodegradable polymer that has received attention as a tissue
engineering scaffold and cartilage replacement due to its inherent viscoelasticity and
biocompatibility. This work investigated the use of mechanical cues to trigger
mechanotransduction pathways and thereby guide human MSCs towards a desired
differentiation lineage.
PVA scaffolds with a range of compressive moduli (1 – 600 kPa) were fabricated
by varying molecular weight, solution concentration, and freeze-thaw cycles. Mass loss
rates and changes in stiffness were not significantly different after 7 days of dynamic
compression or static culture in standard MSC culture medium. Short-term dynamic
loading of human MSC-seeded PVA scaffolds resulted in an increase in cell viability and
collagen production for loaded versus static samples over 7 days of culture. Through a
simple dynamic compressive loading sequence MSC viability and matrix protein
production may increase on synthetic, bioinert PVA scaffolds. Lastly upstream
processing of polymer fabrication and cell culture was conducted in preparation for
studies on a custom designed dynamic compressive loading machine for cell-seeded
scaffolds.
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CHAPTER 1: MOTIVATION
1.1. Clinical Problem
Orthopaedic injuries and inflammatory diseases, such as knee ligament tears and
osteoarthritis, increase the likelihood of a patient needing a total joint replacement earlier
in his/her life than a healthy individual. This is due to the lack of early intervention
treatments available for orthopaedic conditions. Torn ligaments can be repaired and
bones can regrow, but cartilage damage is permanent due to the lack of vascularization.
There is a significant need in the medical community for early intervention therapies for
osteochondral (i.e. bone and cartilage) injuries and diseases in order to prevent
irreversible tissue degeneration and ultimately the need for a total joint replacement.
Osteoarthritis (OA) is a debilitating disease that results in permanent damage to
osteochondral tissue and eventually requires surgical intervention. The latest advances in
cartilage repair, regeneration, and replacement evidence the growing prevalence of OA,
as well as other orthopaedic diseases. OA is the most common cause of disability in the
elderly and is estimated to affect 9.6% of men and 18.0% of women over age 60
worldwide, meaning by 2050 approximately 30 million people worldwide will suffer
from OA (Wittenauer et al., 2013). OA causes inflammation of the cartilage that covers
the bone, leading to degradation of the organic matrix as shown in Figure 1. Over time,
this degradation results in an alteration of tissue composition and mechanical properties
due to increased permeability and decreased ability to dissipate energy (Becerra et al.,
2010; Millward-Sadler and Salter, 2004; Setton et al., 1999).
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Figure 1: Cartilage in a healthy and osteoarthritic knee joint
(http://www.orthopaedicdoctor.com.sg/osteoarthritis). The cartilage is seen to be degrading in the
OA knee on the right, compromising mechanical integrity.

Due to the anticipated growth in the aging population, there is an urgent need to
determine the parameters that initiate wound healing and tissue regeneration of native
tissue, implanted materials, and stem cells. The development of accurate continuum
mechanics models of healthy and diseased cartilage would help engineers design and
fabricate acellular and cell-seeded synthetic scaffold implants that behave like native
tissue. Owing to the fact that orthopaedic tissues are mechanically dynamic environments
in vivo, further understanding of the mechanotransduction mechanisms active in
orthopaedic tissue homeostasis, repair, and regeneration could lead to improvements in
designing tissue engineering regenerative medicine schemes.

1.2. Goal of Study
Orthopaedic regenerative tissue engineering is a promising area to improve the
current treatment options for osteochondral injuries and diseases because scaffolds
provide the ability to control mechanical properties and direct stem cell differentiation.
Gaining a better understanding of the native tissue behavior, we as engineers can better
2

design implants that behave like healthy tissue. The goal of this thesis is to investigate
poly(vinyl alcohol) (PVA), a synthetic polymer, for use as an acellular osteochondral
scaffold implant. The fabrication and mechanical properties of PVA will be optimized in
terms of repeatability and a wide range of elastic modulus values. Ultimately, these
scaffolds must be able to promote mesenchymal stem cell (MSC) differentiation, support
tissue generation, and withstand physiologically relevant forces and stresses in vivo.
Then, these cell-seeded scaffolds will be subjected to low frequency dynamic loading to
investigate the role of mechanotransduction in cell viability, cell retention, and matrix
accumulation. Finally, design parameters will be determined for a custom dynamic
compression machine for in vitro osteochondral tissue engineering use.
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CHAPTER 2: LITERATURE REVIEW
2.1. Modeling Articular Cartilage Behavior
2.1.1. Introduction
The complex structure of biological tissues poses a challenge to engineers and
scientists alike for their behavior and properties have yet to be replicated or fully
understood. For the most part biological tissues behave like polymers and are considered
viscoelastic materials, thereby exhibiting time-dependent properties. The viscoelastic
response is dependent upon the structure and required function of the tissue; in human
tissue the structure is a composite of an extracellular matrix and fluid. This composite
structure presents a challenge to fully understand its behavior because models have
difficulty in matching the full range of observed mechanical properties. However, models
have the power to help simplify our understanding of complex biological systems (Stella
et al., 2010).
Data for biological tissue behavior is collected from tests such as creep, stress
relaxation, tension, and compression. In order to develop a model that best fits the
experimental data, continuum mechanics models must be employed along with finite
element analysis and / or numerical methods. A continuum mechanics approach has
previously been applied to try to describe the behavior of articular cartilage (Mow et al.,
1980; Thomas et al., 2009; Torzilli and Mow, 1976) and damaged viscoelastic biological
tissues (Peña, 2011; Richard et al., 2013). The composition and behavior of articular
cartilage poses the opportunity to use either viscoelastic models or mixture theory models
to model its mechanical behavior.
4

2.1.2. Viscoelastic and Mixture Theory Continuum Mechanics Models
Viscoelasticity arises from the ability of a material to store and dissipate energy
under an applied load. The viscous and elastic components of response can be
mechanically represented using a dashpot with a viscosity η and a spring with spring
constant E, respectively. The elastic spring element can be described using Hooke’s Law:
    , while the viscous dashpot obeys a law involving viscosity and strain rate:


     . To describe the viscoelastic time-dependent behavior of biological tissues,
creep and stress relaxation tests are often conducted.
Viscoelastic models are fairly accurate for low stress or low strain rates due to
their exponential nature. The Maxwell model (Figure 2) portrays polymer and biological
tissue stress relaxation over time well, but not creep since the model predicts an
exponential decrease in stress with a constant increase in strain over time.

E

Figure 2: Maxwell model consists of a spring and a dashpot in series. The spring mechanically
represents a material’s elastic response while the dashpot represents the material’s viscous behavior.

The implications of this arrangement in the Maxwell model are that stress is
identical in both elements but the total strain is the sum of that in the spring and that in
the dashpot (Meyers and Chawla, 2009). Since the Maxwell model applies best to stress
relaxation, a constant strain can be imposed, and thus the stress tensor, σ can be found:
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Polymers, like biological tissues, also display creep behavior. As a result, the
Kelvin-Voigt model must be implemented in which the Hookean elastic spring and the
Newtonian viscous dashpot are in parallel (Figure 3) (Mase et al., 2010).

E

Figure 3: Kelvin-Voigt model consists of spring and dashpot in parallel.

As a result, each element experiences identical strain but cumulative stress for the
system (Meyers and Chawla, 2009). Developing the Voigt model specifically for polymer
creep (constant stress application), the strain increases exponentially with time:

    1 


 


2

Both the Maxwell and the Kelvin-Voigt models are important for describing two
common forms of applied mechanical load to polymers and thus, biological tissues.
When developing continuum mechanics constitutive models to describe biological tissue
behavior, these models are often modified or combined to more accurately reflect the
observed deformation activity. For example, Richard et al. modified the general models
described above to arrive at a standard linear solid model in which the constitutive
equations include a scalar damage variable, D to indirectly represent the degree of disease
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triggered material degradation. This variable is introduced to the model via an effective
stress tensor, σ* where σ is the Cauchy stress tensor (Richard et al., 2013):
 


1"

3

With regards to viscoelastic biological tissues, it is extremely important to take
into consideration the temperature at which the viscoelastic behavior is being examined.
Experimental tests should be conducted in physiological conditions such as 37 °C in
order to mimic the natural environment these tissues experience. Temperature affects
viscoelastic behavior of polymers and biological tissues, particularly creep at higher
temperatures, due to the impact on viscous fluid flow and the resiliency of elastic
elements under load (Humphrey, 2003; Meyers and Chawla, 2009). Hence, temperature
is included as a parameter in viscoelastic models and an assumption of isothermal
conditions is frequently made to simplify the analysis (Holzapfel and Simo, 1996;
Humphrey, 2003; Unterberger et al., 2013; Wilberforce et al., 2010).
While the viscoelastic approach of the Maxwell and Kelvin-Voigt models provide
an easy mechanical analogy for the behavior of biological tissues, it encounters a
challenge with composite biological tissues in which the behavior and composition of
each component influences the behavior of the whole tissue. Furthermore, the
viscoelastic approach must differentiate between linear and nonlinear viscoelastic
behavior, the latter being increasingly more difficult to model since linearity is often
dependent upon the stress and strain rate.
An alternative to the viscoelastic approach to model biological tissue behavior is
the mixture theory approach, which recognizes the unique properties of each constituent
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present as well as mixtures with interacting continua. As developed by Green and
Naghdi, constitutive equations and balance laws are derived for each continuum with one
overall energy balance equation (Green and Naghdi, 1978):
1
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where the subscript / superscript α denotes the given phase, ρ = density, vα = velocity of
each phase, εα = partial specific internal energy, bα = external body force per unit mass, rα
= external rate of heat supply per unit mass, tα = stress vector, and hα = surface heat flux
per unit area.
Especially in the application of biological tissues, the two phases are designated
as a fluid (media) phase and a solid (scaffold or matrix) phase. Depending on the
application and the conditions, different assumptions are placed upon the properties of
each phase; however, it is common to restrict the fluid to being an incompressible
Newtonian viscous fluid and the solid to being rigid, stationary, and homogenous. These
restrictions have the following implications:
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where µα = diffusive force per unit volume, λα = internal body couple per unit volume,
and Γα = skew tensor for axial vector λα.
In the case of fluid flow through a rigid solid, the energy equation (4) in a slightly
altered form becomes:
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where Ψα = Helmholtz free energy, ηα = partial specific entropy per unit mass, θα =
absolute temperature, Tα = stress tensor, ξα = partial internal rate of entropy production
per unit mass and pα = partial entropy flux vector.
The incompressibility condition implied in (5) introduces the constraint:
X
O(  UV W + O
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X=
where UV = arbitrary scalar function of position x and time t, I = identity tensor, and O
stress tensor determined by a constitutive equation.
These equations illustrate the power of utilizing the mixture theory to describe
interactions between phases because the properties of each phase can be taken into
consideration in the derivation of balance laws and constitutive equations as well as the
relationship between thermal and mechanical fields.
Temperature differences can exist between the two phases, leading to two entropy
balance laws; for uniform temperature though, the two entropy balance laws are
combined in a summation form (Green and Naghdi, 1978). This helps to simplify the
constitutive equations for biological tissues because the body is typically held around 37
°C regardless of tissue type or location.

2.1.3. Application of Models to Articular Cartilage Behavior
While the mixture theory approach developed by Green, Naghdi, and Truesdell is
able to take into consideration the effects of interactions within a multiphase continua, it
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does not account for the significance of water movement through cartilage (Drew, 1983;
Green and Naghdi, 1978; Holmes, 1986). Work on mathematical modeling of cartilage
began in the early 1960s using the mixture theory approach as a foundation. It was not
until 1980 when Van Mow and his colleagues developed the biphasic theory for articular
cartilage that took into account interstitial fluid flow.
Healthy articular cartilage is comprised of collagen fibers in a proteoglycan (PG)
glycosaminoglycan (GAG) matrix. The collagen fibers provide the elastic response and
their orientation within the matrix is dependent upon the mechanical demands of the
zone. The proteoglycan GAG matrix attracts water molecules and provide the viscous
response upon application of a mechanical load. There are four zones of articular
cartilage: superficial, middle, deep, and calcified (Figure 4). The superficial layer is
primarily collagen fibers, responsible for minimizing wear, providing lubrication and a
frictionless surface at the articulating surface of the joint. The middle zone is responsible
for energy dissipation through the hydrated GAG matrix surrounding the randomly
oriented collagen fibers. In the deep zone, collagen fibers are oriented perpendicularly to
the loading articular surface in order to provide an elastic force transmission to the
underlying subchondral bone. The calcified zone is the tidemark between calcified
extracellular matrix and the subchondral bone (Becerra et al., 2010; Mow et al., 1980).
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Figure 4: Cartilage and chondrocyte arrangement results from the imposed mechanical demands on
articular cartilage (http://ajs.sagepub.com/content).

Initially, Mow et al. (1980) modeled articular cartilage as a biphasic continuum: a
solid phase consisting of the type II collagen fibers and the GAG matrix and a fluid phase
consisting of water and other positively charged ions (present to create charge neutrality
against the negatively charged proteoglycan GAGs). The solid matrix generally is
modeled as an incompressible, porous-permeable solid and the fluid phase, like in the
general mixture theory approach, is considered an incompressible viscous liquid.
However according to (Mow et al., 1980), under applied load the articular cartilage is
able to deform due to fluid movement out of the original volume.
The viscoelastic behavior of articular cartilage arises from the energy dissipation
of the collagen–GAG matrix, the presence of osmotic pressure, and frictional drag due to
interstitial fluid flow. One key parameter that needs to be considered when determining
the constitutive equations for articular cartilage viscoelastic behavior is the permeability
because it influences the resistance to fluid flow in the tissue (Lai et al., 1993).
The Kuei, Lai, Mow (KLM) Biphasic Mixture Theory for articular cartilage as
developed by Mow et al. (1980) employs many of the same strategies and variables as the
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Green and Naghdi Mixture Theory such as mean velocity, relative velocity, density, and
treating the solid matrix and interstitial fluids as incompressible. Therefore, the local
conservation of mass equation is as follows for each phase α (s = solid, f = fluid):
N'(
+ P · '( )(   0
N
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Likewise, there is a balance of momentum local equation for each phase:
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where Dα/Dt is a time derivative keeping location Xα constant; Tα = partial stress tensors,
Bα = body force per unit mass, and πα = local momentum / interaction / diffusive forces
between the constituent phases (where πs = -πf).
The total mixture stress tensor is related to the partial stress tensors as well as the
densities and diffusive relative velocities of the two phases:
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While the total mixture stress tensor T is always symmetric, there is a skew symmetric
component due to the local supply of moment for each phase as represented by Mα:
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Making an assumption of isothermal conditions, the energy equation can be
derived from the First Law of Thermodynamics:
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for which ψ = Helmholtz free energy, ηα = entropy, qα = heat flux vector, r = rate of heat
supply of the mixture, and θ = temperature. Now applying the Second Law of
Thermodynamics, the entropy inequality can be found:
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where Dα is the rate of deformation tensor and Wα is the spin tensor.
Now that the Conservation Laws and the First and Second Laws of
Thermodynamics have been determined, constitutive assumptions can be made to define
the binary mixture. At this point, a constraint is imposed on the entropy inequality:
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As a result, equation (16) is added to (17) which has been multiplied by a
Lagrange multiplier, p:
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From here, restrictions are placed on the constitutive equations:
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The benefit to implementing the KLM Biphasic Mixture Theory for articular
cartilage is that it allows the solid phase to possess both elastic and viscous behavior
when in the presence of a viscous fluid. This is a much more accurate portrayal of the
native articular cartilage environment than the viscoelastic models in which the two
elements either possess elastic or viscous behavior. Additionally, infinitesimal
deformation theory, isotropic media conditions, and homogenous isotropic matrix
assumptions can be implemented and new constitutive equations determined. Adaptations
to mechanical models for articular cartilage have been made to include a “damage
variable” (Richard et al., 2013), changes in permeability (Suh and Spilker, 1994),
changes in the aggregate modulus (Guilak and Mow, 2000), and changes in porosity
(Ehlers and Markert, 2000).
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Choosing a specific mixture theory model is often based on the imposed
experimental loading conditions for the parameters vary between confined and
unconfined compression, tension, shear, and indentation. For example, Huang et al.
modified the KLM biphasic model for samples under tension and unconfined
compression, which upon making basic assumptions will simplify to the KLM model (C.
Y. Huang and Mow, 2001). The best foundational model thus far for articular cartilage is
the KLM model because it accounts for the interstitial fluid flow, the osmotic pressure,
and the viscoelastic behavior of the organic collagen-GAG matrix. Successful modeling
of articular cartilage’s behavior under a variety of loading conditions would help us to
understand and treat diseases and injuries better by knowing what sort of behavioral
response any implant would have to exhibit in order to replicate native articular cartilage.

2.2. Influence of Mechanotransduction on Mesenchymal Stem Cell (MSC) Fate

2.2.1. Introduction
The chronic tissue degradation associated with osteochondral tissue injuries and
disease may be mitigated using a tissue engineering and regenerative medicine approach,
particularly through the combined use of human mesenchymal stem cells (MSCs) and
synthetic hydrogel scaffolds (Burdick et al., 2013; Jen et al., 1996; Keogh et al., 2010;
Spiller et al., 2011b). The ultimate goal of these methods is to develop an implant to
direct MSC differentiation, support tissue regeneration, and respond in a viscoelastic
manner to physiological forces and stresses (Burdick et al., 2013; Butler et al., 2008;
Marklein et al., 2012).
15

Cells are able to respond to both intrinsic and extrinsic mechanical cues in their
environment largely due to integrin-mediated mechanotransduction mechanisms
(Millward-Sadler and Salter, 2004; Zhang et al., 2011). Scaffold stiffness and mechanical
stimulation of cell-seeded scaffolds are known to influence stem cell differentiation,
proliferation, and tissue-specific extracellular matrix (ECM) production (Bian et al.,
2012; Engler et al., 2006; Guilak et al., 2009).

Figure 5: Integrin-mediated mechanotransduction. Mechanocoupling of the applied force triggers
biochemical signal transmission. Integrins mediate cell anchoring to the ECM and contribute to
ECM coupling. The ECM is composed of either synthetic or natural materials, forming a porous
network of a given stiffness and subjected to external mechanical stimulation.

Figure 5 explains how mechanotransduction influences cell behavior. An external
force is applied to the tissue or cell-seeded scaffold, which undergoes mechanocoupling
at the ECM boundary. The forces on the cell trigger biochemical signaling possibly via
integrin receptors. The sensor cell releases signals that are then transmitted to the effector
cell. ECM coupling occurs for both cells, thereby causing release of cell signaling
molecules into the matrix free space. When the sensor cells anchor to the ECM, they
16

exert a tensile force on the ECM related to the stiffness (5B). This binding activates
integrin signaling, causing a cluster of kinases and adapter proteins to form, thereby
forming the focal adhesion complex. These signaling cascades include enzymatic activity
such as protein kinase C, and thus mitogen activated protein kinase. MAPK is responsible
for transcription factor activation, gene regulation, cell survival, cell differentiation, and
cell proliferation (Millward-Sadler and Salter, 2004; Zhang et al., 2011).
Research on the relationships that exist between these intrinsic and extrinsic
aspects of mechanotransduction, especially due to innate paracrine and autocrine
signaling, is expanding as investigators discover more about MSC behavior (da Silva
Meirelles et al., 2009; Steinmetz and Bryant, 2011; Thorpe et al., 2008). It is ideal for in
vitro studies to utilize physiologically relevant mechanical environments and to omit the
use of exogenous cell-signaling molecules (i.e. differentiation media and growth factors).
Such investigations are important to the understanding of the mechanotransduction
mechanisms activated in MSCs and their influence on the healing and repair of
orthopaedic tissues (Z. Li et al., 2010; Petersen et al., 2012; Qi et al., 2009; Yanagisawa
et al., 2007).

2.2.2. Substrate Mechanics
Stiffness, porosity, topography, and the 3D substrate (i.e. tissue engineering
scaffold or ECM) have been shown to influence MSC differentiation and cellular
transcription (Brandl et al., 2007; Cukierman et al., 2001; Pelham and Y.-L. Wang, 1997;
Waldman et al., 2004). MSC mechanotransduction requires cell traction on the matrix
using cytoskeletal elements such as actin, myosin, and myosin-II motors (Engler et al.,
17

2006; Huebsch et al., 2010; Kearney et al., 2010; Zouani et al., 2013). Table 1
summarizes the range of stiffness (i.e. elastic modulus) values that have been determined
to induce MSC differentiation towards a specific lineage. The moduli values vary based
on material composition of the 3D substrate and processing conditions (e.g. degree of
crosslinking). Furthermore, the method and instrumentation by which matrix stiffness is
determined varies between studies, some using atomic force microscopy, others utilizing
traction force microscopy or comparators. A consensus has yet to be reached in
determining a precise substrate modulus for controlled MSC differentiation.

Table 1: Effects of varying tissue engineered scaffold stiffness on human MSC differentiation. The
substrate material is modified to achieve a specific initial stiffness. Detection of differentiation lineage
is performed using biochemical assays to detect gene and protein up-regulation.

Substrate Material
Polyacrylamide gel

Collagen-I &
polyacrylamide gel
Collagen-I gel
Methacrylated
hyaluronan
hydrogel, UV
crosslinked

Initial Stiffness
11 kPa
34 kPa

Lineage Detected
Myogenic (MyoD)
Osteogenic (OC &
Cβfα-1)
1 kPa
Chondrogenic (GAG,
col-II) & Adipogenic
(LPL)
3 kPa -15 kPa
Myogenic on 15 kPa
(α-SMA & calponin-1)
1.5 kPa
Chondrogenic (Sox9,
col-II), adipogenic
(PPARG), and
osteogenic (OC)
2.6 kPa - 7.5kPa Primarily chondrogenic
(Sox9 & col-II); more
actin on stiffer
3 kPa
Adipogenic (FABP4 &
PPARG)
30 kPa
Osteogenic (ALP, OC,
actin)
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Ref
(Engler et al., 2006)

(Park et al., 2011)

(Marklein et al.,
2012)

(Guvendiren and
Burdick, 2012;
Huebsch et al.,
2010)

Recent studies investigated the effect of polyacrylamide hydrogel stiffness on
human MSC differentiation by adjusting the degree of crosslinking using varying
percentages of bis-acrylamide. Park et al. examined polyacrylamide and covalently
crosslinked collagen-I with varying substrate moduli and showed MSCs became
chondrogenic and adipogenic on the softest gels (~1 kPa) and myogenic on intermediate
gels (15 kPa) (McMahon et al., 2007; Park et al., 2011). Similarly, Engler et al. worked
with variable polyacrylamide gels that indicated MSCs became osteogenic on the stiffest
gels (34 kPa) (Engler et al., 2006; Rowlands et al., 2008).
Natural substrate materials, such as hyaluronan (HA), are alternatives to the
polyacrylamide hydrogel system and have been used to explore the effect of substrate
stiffness on MSC differentiation and tissue growth. HA is biologically compatible and
can be functionalized with different moieties, such as methacryl groups, to allow more
precise control of its mechanical properties and the potential to impact MSC
differentiation. Marklein et al. fabricated a 3% methacrylated HA (MeHA) hydrogel with
initial moduli of 1.5 kPa and 2.6 kPa; after seeding with human MSCs in non-inductive
media, the constructs were stiffened via photo-crosslinking achieving final moduli up to
7.5 kPa. After 14 days of static culture, the cells exhibited morphological and
proliferative changes indicative of mechanodependence, and as the hydrogel became
stiffer, more actin was visible. Chondrogenic (collagen-II & Sox9) and adipogenic
(FABP & PPARG) biomarkers were up-regulated on all gels with moduli greater than 1.5
kPa, while myogenic markers (α-SMA & calponin) were significantly down-regulated on
1.5 kPa hydrogels (Marklein et al., 2012; Mauck et al., 2006). In addition, the timing of
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photo-crosslinking-induced stiffening of the 3% MeHA hydrogel was investigated;
crosslinking on either day 1 or day 3 resulted in osteogenic biomarker upregulation while
stiffening later on day 7 resulted in adipogenic gene expression (Bian et al., 2012;
Guvendiren and Burdick, 2012; Marklein et al., 2012). This suggests that MSC
mechanotransduction signaling cascades are initiated within only a few days of culture to
determine their lineage.
Substrate stiffness is a significant design aspect in tissue engineering due to its
influence on MSC differentiation. Until new tissue develops, substrates and hydrogels
must provide the mechanical support for cells in the in situ environment (Butler et al.,
2008; Hollister, 2005; Hui et al., 2008; Stella et al., 2010). When selecting a substrate
material and its formulation, one must assess its initial modulus and similarity to the
native human tissue it will be replacing. The use of mechanical stimulation will affect the
stiffness and strength of the substrate material for it provides extrinsic cues to the cells in
addition to the inherent cues of the chosen substrate.

2.2.3. Dynamic Culture Conditions
Dynamic loading during in vitro culture offers another avenue to examine MSC
mechanotransduction and differentiation. Recent research has investigated a variety of
loading protocols both in passive and active manners (Brandl et al., 2007; Chung et al.,
2009; Erickson et al., 2012; Haasper et al., 2009). Dynamic loading parameters that can
be evaluated include the loading modality, the duration, the frequency, and the percent
strain (Appelman et al., 2009; Waldman et al., 2004). As previously mentioned, the
inherent properties of the substrate material will affect the MSCs response to dynamic
20

loading for now the cells undergo mechanotransduction from the external loading and the
stiffness. Table 2 summarizes various studies that applied mechanical loading to MSCseeded substrates. Although a few studies have found mechanical loading to negatively
affect MSC differentiation (Chung and Burdick, 2009; Steinmetz and Bryant, 2011;
Thorpe et al., 2008), there is significant evidence to support dynamic loading as a
positive influence on MSC mechanotransduction for enhancing tissue growth (A. H.
Huang et al., 2010b; Z. Li et al., 2010).
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Table 2: Various unconfined dynamic compressive loading protocols and the effect on human MSC
differentiation. All results compared to static MSC-seeded substrates. DL = dynamic loading, DM =
differentiation medium, E = elastic modulus, G = shear modulus.

Substrate
10%
PEGDARGD

Dynamic Loading Protocol
0-15% strain @ 0.3 Hz, 0.5h
on, 1.5h off for 16h, 8h rest,
daily for 14 days

Results
DL inhibited chondrogenesis
& osteogenesis in DM via ↓
gene expression

Ref

2% agarose

10% strain, 3 h d-1 @ 1 Hz
for 5 d, then 23 d static

↑ PG staining; no significant
increase in E over 28 days

(Butler et al.,
2008; Mauck et
al., 2006)

2% agarose

14 d static, then 7.5% strain
@ 1.0 Hz for 25 d, 0.75 h on
/ 5.25 h off cycle, 4 x,
alternating day

↑ GAG synthesis and
dynamic stiffness v. static or
consecutive loading days

(Brandl et al.,
2007; Kisiday et
al., 2009; 2004;
Stella et al.,
2010)

4% agarose

3w pre-culture, 10% strain @ DL ↑ E & G and ECM
1Hz, 4h d-1, 5d w-1 for 3 w
distribution

(A. H. Huang et
al., 2010b)

Collagen-I
/ DBM

24h 1o comp, then 3 or 4
weeks strain @ 0.5 Hz

E d1: 0.25 MPa, cyclic comp
d28 ~ 0.325 MPa, perfusion
d28 ~ 0.04 MPa

(Badylak et al.,
2009; Haasper
et al., 2009)

Collagen-I
/ silicone

2.5% cyclic tensile strain @
0.17 Hz for 14 days

↑ osteogenic genes (Cβfα1,
col-I, OC, & BMP-2)

(Kearney et al.,
2010; Qi et al.,
2009)

1.5%
MeHA

10% strain @ 1 Hz, 4 h d-1, 5
d wk-1 for 70 days

↑↑ E, G = day 30 for ↑
seeding density
↑↑ E, G = day 70 for ↓
seeding density

(Bian et al.,
2012; da Silva
Meirelles et al.,
2009)

(Steinmetz and
Bryant, 2011;
Thorpe et al.,
2008)

Clinically, stress shielding can be a significant problem whereby bone
reabsorption occurs in bone surrounding implants with superior mechanical properties.
The implant carries the majority of the load, and therefore, the surrounding tissue is not
sufficiently loaded to maintain its functionality. Thus, regenerative medicine engineering
implants of similar mechanical properties to native tissue offer a much-needed alternative
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to the artificial implants currently used for osteochondral repair. The time scales in which
changes occur from mechanical loading differ. Protein and messenger ribonucleic acid
(mRNA) expression can be affected shortly after dynamic loading (within minutes or
hours), while extracellular tissue production and mineral deposition appear at much later
time points (days to weeks) (I. Lee et al., 2007; Mikos et al., 2012; Qi et al., 2009).
A study conducted by Waldman et al. determined low strain amplitudes (5%
sample thickness) and very few cycles of uniaxial unconfined compression (6 minutes
every other day) were needed to improve collagen content and the equilibrium modulus
of a bovine chondrocyte seeded calcium polyphosphate substrate (Waldman et al., 2004).
These promising results have led to research in the past decade focusing on the long-term
effects of dynamic loading and the mechanics of the resulting tissue using various
loading protocols.
Tensile loading is often used with regards to ligament or tendon tissue
engineering as that is the most likely mode of failure for those biological tissues. Cyclic
uniaxial 2.5% tensile strain loading of rattus MSCs seeded on silicone strips with rat-tail
collagen-I in standard culture medium significantly reduced the rate of MSC proliferation
after 3 days of culture. However, tensile loading significantly increased bone
morphogenetic protein 2 expression after 14 days of stimulus. By blocking stretchactivated cation channels, osteogenic protein expression was reduced, thus confirming the
osteogenic lineage of their findings (Kearney et al., 2010). While tensile strains are
atypical in osteochondral dynamic culture, this study identifies the ability of cyclic tensile
strain to induce MSC differentiation without the use of growth factors.
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Compressive loading is most often utilized in engineering orthopaedic tissues due
to physiological relevance; therefore, the remainder of this section will focus on dynamic
compression culture. A recent study subjected human MSCs seeded in a 3D bovine
collagen-I bone hybrid matrix in media containing collagen-I and dexamethasone initially
to 24 hours of constant pressure then switched to cyclic unconfined compression. After 3
weeks dynamic loading had up-regulated collagen-X more than perfusion alone, and after
4 weeks cyclic compression significantly improved matrix stiffness in comparison to
unloaded static compressed controls (0.325 MPa vs. 0.02 MPa respectively) (Haasper et
al., 2009). This study illustrates the impact cyclic compression has on new tissue
formation compared to static compression. A recent study conducted by Mauck et al.
provides evidence that prolonged dynamic loading is beneficial to the stiffness of tissue
grown in vitro. Transfected MSC-laden 2% agarose hydrogels were loaded for the initial
5 days of culture and then were free swelled for an additional 23 days. Dynamic loading
coupled with extended culture increased PG staining, yet the unconfined compressive
modulus did not significantly increase (Engler et al., 2006; Mauck et al., 2006).
Alternate day dynamic loading could have benefits for in vitro tissue growth
because it would allow more equilibration time for the cells in between loading cycles.
Using a 2% agarose gel, consecutive day versus alternate day cyclic loading was explored
in unconfined compression. Only alternate day loading had significantly increased
radiolabel incorporation and GAG synthesis. Based on these results, an extended
alternate day loading study was conducted. After 25 days of dynamic culture, samples
exhibited 13% higher GAG content with more intense PG staining, an 18% increase in
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equilibrium modulus, and a 60-70% increase in dynamic stiffness under alternate day
loading conditions compared to free-swelling controls (Kisiday et al., 2009; Williams et
al., 2003).
A more thorough investigation on the effect of load sequence (frequency, hours
per day, pre-culture time) and the presence of dexamethasone on the stiffness of grown
tissue was performed by Huang et al., who examined various dynamic loading protocols
using a 4% agarose hydrogel. The results indicated that the ideal loading protocol, based
on their chosen parameters, was 4 hours a day at 1 Hz with a 3 week pre-culture time in
chemically defined media. This protocol was the only one demonstrating increased
unconfined equilibrium and dynamic moduli within a culture period of 3 weeks (A. H.
Huang et al., 2010a). The equilibrium modulus improved from 2 kPa to 150 kPa with
dynamic loading, which was 65% greater than that of free-swelling constructs.
A recent study has investigated long-term dynamic loading and examined the
effects of cell seeding density on substrate modulus and hypertrophic markers. Human
MSCs were photo-encapsulated in a 1.5 wt% MeHA hydrogel at two different densities,
cultured with chondrogenic media, and subjected to dynamic unconfined compression.
The equilibrium Young’s moduli and dynamic moduli significantly increased by day 30
for the 60 million cells per mL seeding density while it took until day 70 to reach
significance for the 20 million cells per mL seeding density versus respective time point
free-swelling cultures (Bian et al., 2012; Mauney et al., 2004; Place et al., 2009).
Clinically however, these densities could never be achieved in vivo nor was cell retention
or proliferation reported in the study.
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The influence of mechanical stimulation on MSC differentiation is affected by
various loading parameters including loading frequency and duration, substrate material,
and cell seeding density. More research needs to be conducted to elucidate the
interactions between using a natural v. synthetic substrate material in conjunction with
dynamic loading because the choice of material can effect MSC differentiation, tissue
production, and the material properties of the construct (Appelman et al., 2009). For an
osteochondral regenerative engineered implant to be successful, it must be seeded with
cells at a realistic density, withstand physiological loading, should not require soluble
growth factors or differentiation medium, and produce healthy tissue appropriate for the
anatomical location.
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CHAPTER 3: OPTIMIZATION OF ACELLULAR PVA
FABRICATION
3.1. Introduction
The first step in a regenerative medicine approach to treating osteochondral tissue
injuries and diseases is to design a 3D environment to be implanted into the defect. This
environment must be biocompatible, possess mechanical integrity, and have the potential
to provide cues to infiltrating cells. Synthetic hydrogel scaffolds are good candidates for
this 3D environment because their stiffness can be controlled via physical and chemical
crosslinking. From a biocompatibility standpoint, physical crosslinking is advantageous
because no chemicals or exogenous elements are introduced to the scaffold. The main
challenges in scaffold fabrication are the ability to moderate properties such as stiffness
and the ability to produce nearly identical scaffolds in each batch.

3.2. Poly(vinyl alcohol) (PVA)
PVA is a synthetic, biocompatible, and non-biodegradable polymer that forms
hydrogels of varying stiffness and porous microstructure (Bray and Merrill, 1973; Hassan
and Peppas, 2000a). The hydrophilic hydroxyl side chains of PVA cause it to be generally
non-favorable for cell adhesion (Figure 6).
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Figure 6:: Poly(vinyl alcohol) chemical structure contains a hydrophilic hydroxyl side chain,
chain which
causes it to be generally unfavorable for cell adhesion
adhesion.

It has been researched as a biomaterial with regards to potential uses as a heart
valve stent, meniscal tissue, lumbar intervertebral disc, and cartilage replacement (Alves et
al., 2011; Holloway et al., 2010; Liu et al., 2009; Spiller et al., 2011a; Wan et al., 2002; B.
H. Wang and Campbell, 2009)
2009). PVA is a good candidate for cartilage replacement due to
its inherent properties such as strength, high creep resistance, high water content, and
porous network (Alves et al., 2011; Bodugoz-Senturk
Senturk et al., 2009; Spiller et al., 2011a).
2011a)
The high water content and porosity permits nutrient and waste exchange in bioreactor and
tissue engineering systems (You et al., 2007).

Figure 7:: Freezing of PVA causes physical crosslinking due to phase separation of polymer and ice.
Repeated cycles form stronger and stiffer hydrogels due to recurrent phase separation (freezing step)
and thus physical crosslinking (thawing step).
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The mechanical properties of PVA hydrogels arise due to physical crosslinking
and phase separation of PVA aqueous solutions (Bray and Merrill, 1973; Holloway et al.,
2013; Liu et al., 2009). PVA cryogels are formed by freezing and thawing the aqueous
solution (Figure 7). In the homogenous PVA solution the chains are uniformly dispersed
in water with no crosslinking. Freezing causes polymer/water phase separation in which
ice crystals (the blue triangles) form within the PVA solution. This phase separation
pushes the PVA chains close to each other so that upon thaw initiation, it is easier for the
PVA-rich zone to form hydrogen bonds between chains and thus physical crosslinks, as
indicated by the asterisk. Once the hydrogels completely thaw to room temperature, the
physically crosslinked PVA chains are surrounded by water. Repeated freeze-thaw cycles
results in PVA rich regions becoming thicker as more hydrogen bonds are formed and the
crosslinking density increases.
It has previously been reported that mechanical properties can be altered by
concentration, molecular weight, thawing temperature, and freeze-thaw (F/T) cycles to
form a hydrogel (Lozinsky et al., 2011; Stauffer and Peppas, 1992). The chapter focuses
on designing a fabrication process in which these parameters can be altered in order to
achieve hydrogels with a range of mechanical properties.

3.3. First Generation PVA Hydrogels
Initial work focused on the preparation and fabrication process for PVA hydrogels
in order to achieve reproducible scaffolds. Neat PVA (Sigma Aldrich) with a molecular
weight (MW) of 145,000 kg/mol was mixed with deionized water to achieve
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concentrations of 10% and 15% (weight/volume). This mixture was heated and stirred on
a heat plate until a homogenous solution was achieved. The PVA solution was pipetted
into Teflon glass molds that were secured with binder clips as shown in Figure 8. The
filled mold was then placed into the -20 °C freezer for 22 hours at which point it was
removed to thaw at room temperature for 2 hours for up to 10 F/T cycles.

Figure 8: Teflon glass mold with binder clips for PVA hydrogel fabrication. Homogenous PVA
solution is pipetted into the top of the mold and then placed into the freezer titled upwards. .

At the desired number of F/T cycles, scaffolds were punched out using a 6 mm
biopsy punch and then subjected to mechanical testing on the rheometer. In order to
perform unconfined compression a protocol had to be developed to ensure only uniaxial
force was applied. The ARES 2000 Rheometer (TA instruments) was powered by a tank
of nitrogen gas and fitted with 8 mm stainless steel parallel plate geometry. A flow
procedure was developed with a squeeze pull off test to perform uniaxial unconfined
compression for 15%, 20%, and 50% strain. The conditioning step was set for a
temperature of 25 °C with active control normal force settings: normal force of 0 N,
normal force tolerance of 0.1000 N, gap change limit down / up relative to desired
compressive strain, and in compression. The test step was programmed with a gap speed
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of 10 µm/s in compression, a gap distance based on desired deformation, sample points
(100 points per 10% deformation), and no step termination. After loading the sample the
instrument’s normal force was manually zeroed, and the test performed. A text file was
generated and the following variables were exported: gap (µm), normal force (N), normal
stress (Pa), strain, % strain, time (min), and time (s). In order to analyze the exported
data, a MATLAB program was written to import the data files for 15%, 20%, and 50%
compression, calculate the stress, strain, and elastic modulus, and to perform linear
regression to fit a linear model to the data. The modified version of this code is shown in
Appendix A.1. In addition, graphs are generated to show the experimental data points on
a stress versus strain graph with the linear fit line as well. The reported elastic modulus is
from the slope of the linear fit line on the stress versus strain graph and is accompanied
by an R2 value. An R2 value of greater than 0.95 was considered a good linear fit.
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where area is the area of the sample and the force is the normal force recorded by the
rheometer. Furthermore, the negative sign for compressive loading has been distributed
into the equation to generate a positive modulus, resulting in the expression for strain
being opposite as usually reported.
By performing a range of compressive strains, the linear region of PVA hydrogels
was determined to be 20% in the non-hydrated state Figure 9. The 50% compression
testing identified that the linear region was definitely exceeded after 30% compression
(Figure 10), and thus, all subsequent compression testing was performed at 10%, 20%,
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and 30% strain. Importantly, while the PVA hydrogel samples entered into the plastic
deformation region, no complete failure was noticed under the applied 50% compression.

Figure 9: MATLAB graph of (left) 10% PVA MW 145 kg/mol 4 F/T and (right) 15% PVA MW 145
kg/mol 4 F/T cryogels in the linear elastic region up to 20% compressive strain.

Figure 10: PVA hydrogels were subjected to varying unconfined compressive strains. (Left) 10%
PVA MW 145 kg/mol 4 F/T and (right) 15% PVA MW 145 kg/mol 4 F/T cryogels do not behave
linearly under 50% compressive strain.

The initial elastic modulus findings for 10% and 15% PVA hydrogels MW 145
kg/mol were promising but it was unknown if the modulus could be increased faster.
Lozinsky et al published a paper finding that -2 °C was the optimal temperature for
physical crosslinking to occur (Lozinsky and Damshkaln, 2000). Therefore, the thawing
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rate was decreased by introducing an ice water thaw before the room temperature thaw.
The modified F/T cycle is shown in Figure 11.

A)

B)

Figure 11: A) PVA hydrogel mold undergoing in the ice water thaw stage, B) ice water thaw
procedure for PVA cryogels.

Mechanical testing of these hydrogels supported the hypothesis that the molds
thawed first in the ice water bath were slightly stiffer (higher elastic modulus) than those
thawed only at room temperature. All testing was done in triplicate. Furthermore, the
preliminary data suggested that stiffness increased with concentration as shown in Figure
12 that the 15% gels became stiffer faster than the 10% gels.

33

Figure 12:: PVA concentration and thawing rate affect elastic compressive modulus of cryogels
subjected to 20% unconfined compression at 25 °C. All groups tested in triplicate with standard
deviation shown.

3.3.1. Modifications to Initial PVA Fabrication Process
The above mentioned fabrication process was less than desirable and needed to be
improved both in the solution dissolving and mold phases. Making the PVA solution on a
heat/stir plate was time consuming, often taking multiple days for higher concentrations
to fully dissolve. An attempt at using a condenser set
set-up (Figure 13)) was made since it
would dissolve the PVA solution in under an hour. Howeve
However,
r, it frequently boiled over
into the oil bath, wasting precious solution and creating a hazard in the lab. The solution
to the condenser troubles was utilizing the autoclave to dissolve the PVA crystals into a
homogenous solution. The autoclave was a sign
significant
ificant step towards reproducible and high
throughput scaffold fabrication because any desired volume and concentration of neat
PVA solution can be made in under two hours due to the high pressure saturated steam of
121 °C. Initial guidelines for time need
needed
ed to dissolve PVA using the autoclave were
obtained from papers by a group at Drexel (Holloway et al., 2010).
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Figure 13: Methods for dissolving PVA crystals in DI water to form a homogenous solution. (Left)
condenser set-up and (Right) autoclave for dissolving PVA solutions.

The warm solution was initially pipetted into Teflon and glass molds, however
lower concentrations often leaked out while higher concentrations formed numerous
bubbles in the molds. Therefore, a new approach was needed for making hydrogels of
uniform height. A 48 well non-treated tissue culture polystyrene (TCPS) plate was
employed, putting equal volume into each well. Any bubbles that were created by
pipetting were popped using an 18 gauge or 21 gauge needle. Based on the preliminary
data, these plates were only thawed using the ice water method.
Using the modified fabrication method, a more in-depth investigation into the
effect of concentration was conducted. Three concentrations, 6%, 10%, and 15% PVA
MW 145 kg/mol were made in the autoclave, pipetted into the 48 well plates, bubbles
popped, and then underwent up to 12 F/T cycles (Figure 11). A 6 mm biopsy punch was
used to extract cylindrical cores of the hydrogels from the wells. Based on the
preliminary data, the hydrogels were subjected to 20% uniaxial compression on the
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rheometer in order to stay within the linear range of viscoelastic behavior. The MATLAB
analysis calculated the elastic modulus from 4-20% strain, attributing the first 4% strain
to pre-load, a common practice in scaffold and tissue mechanical testing. Additionally the
code was modified to analyze three separate samples of the same group, to average all
three moduli (Equation 26), and to calculate a standard deviation (Equation 27). The
standard deviation is a square root of an unbiased estimator of the variance of the
modulus values for each sample group with each sample being independent of the others.
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The results supported the hypothesis that the 6% PVA hydrogels would be weaker
than the 10% and 15% gels due to the lower concentration of PVA chains in the solution
(Figure 14). However, the 10% gels were generally stiffer than the 15% gels, likely due
difficulty pipetting the very viscous 15% solution.
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Figure 14: PVA cryogel concentration affects elastic modulus for MW 145 kg/mol PVA made using
the ice water thaw method. All groups tested in triplicate.

3.3.2. PVA Cryogel Scaffold Characterization
In addition to determining the elastic modulus of the samples, scanning electron
microscopy (SEM) was conducted to examine the porosity and skin of the polymer
hydrogels. Scaffolds were placed into conical tubes, fflash
lash frozen in liquid nitrogen, and
placed on the lyophilizer for 24 hours. The liquid nitrogen preserved the network
structure of the hydrogel by preventing ice crystal formation. The lyophilizer freeze-dried
freeze
the samples; however the sublimation of ice ca
caused
used the pores to be sucked close, thus
altering
ing the hydrogel pore network. After lyophilization cross
cross-sectional
sectional slices were
prepared for each scaffold and sputter coated with 7 nm of gold/palladium for 3 minutes
and 30 seconds. Porosity and polymer skin w
were
ere examined on a JEOL 6060 SEM with a
working distance of 15 mm, accelerating voltage of 15 kV, and a spot size of 30. The
images below indicate some of the challenges encountered in the PVA hydrogel
fabrication process as well as the imaging preparatio
preparation process.
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Figure 15: SEM images of initial PVA scaffolds. A) 10% PVA MW 145 kg/mol RT mold 6 F/T; B)
6% PVA MW 145 kg/mol IW plate 4 F/T; C) 10% PVA MW 145 kg/mol IW plate 8 F/T; D) 6% PVA
MW 145 kg/mol IW plate 4 F/T.

Figure 15A was made using a mold only thawed at room temperature and
subjected to 50% compression; the surface is flattened and no pores are visible. Figure
15B was made using ice water plates but the cross sectional slice clearly depicts the
deformity resulting from lyophilization. Figure 15C depicts the end of an ice water plate
scaffold in which a porous structure can be seen, but pulled apart during lyophilization.
Over the course of a few months the lyophilizer settings were being modified to see if
non-deformed dehydrated scaffolds could be achieved. These images are from the earlier
attempts at altering the settings. Figure 15D clearly shows the porous network in a 6%
PVA ice water plate scaffold. The pores are fairly uniform and are large enough to
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accommodate an MSC, which is on the order of 10 µm. While the actual pore size was
not measured, the goal of this and subsequent imaging was to examine if pores existed
and if the cross-sectional slice was uniform. In addition, the SEM images from the molds
showed a skin, something that has the potential to negatively affect future cell infiltration.

3.4. Physiological Scaffold Testing
3.4.1. Expansion of Scaffold Synthesis Parameters
Using the improved fabrication process, a more in-depth investigation into the
effects of varying molecular weight, concentration, and F/T cycles was performed. Our
hypothesis was the strongest hydrogels would result from a lower molecular weight,
higher concentration, and higher F/T cycles. Neat PVA was obtained with molecular
weights of 145,000 g/mol, 89,000 – 98,000 g/mol, and 67,000 g/mol. For simplicity, the
intermediate molecular weight will be referred to as 95,000 g/mol. A range of
concentrations (w/v) was made as shown in Table 3. The lowest molecular weight was
investigated at only one concentration in order to determine if the polymer chains were
long enough to physically crosslink. PVA solutions were dissolved in the autoclave for
35 minutes, followed by stirring at 300 rpm at 45 °C for 20 minutes with a stir bar. After
the desired volume was pipetted into the 48 well plates, the plates were centrifuged at
3000 g for 1 minute. This step proved to be very efficient at removing any air bubbles
compared to using a needle to pop the bubbles. Scaffolds underwent 3, 4, 6 or 8 F/T
cycles following the procedure in Figure 11.
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Table 3: Fabrication groups for physiological PVA cryogel scaffolds. Three molecular weights and
five concentrations, selected based on initial results, were investigated in terms of elastic modulus
and presence of a porous microstructure. Scaffolds were made in ice water plates and underwent a
range of F/T cycles.

Molecular Weight 3% 6% 10% 15% 20%
145, 000 g/mol
X
X
X
95,000 g/mol
X
X
X
X
67,000 g/mol
X

In addition to the mono-layered scaffolds described above, bi-layered scaffolds
were prepared by only pipetting 200 µL into each well initially. Then after either 3 or 4
F/T, an additional 100 µL of the same PVA solution was pipetted into the well. Any
bubbles that formed were manually popped to protect the structural integrity of the preexisting scaffolds in the plate. These plates then underwent 3 or 4 additional F/T cycles to
achieve bi-layered scaffolds of 6 F/T on bottom and 3 F/T on top (6-3 F/T) or 8 F/T on
the bottom and 4 F/T on the top (8-4 F/T). The result of this manufacturing modification
was a scaffold with two layers of unique stiffness (Figure 16). Clinically this translates to
the integrated nature between subchondral bone and articular cartilage at the end of long
bones, with each tissue having its own unique mechanical properties.

Figure 16: Design of monolayered and bi-layered PVA scaffolds. Each scaffold contains a total
volume of 300 µL pipetted into a 48 well non-treated TCPS plate and subjected to the desired
number of F/T cycles.
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3.4.2. Physiological Testing Conditions
After the desired number of F/T cycles was reached, the scaffolds were removed
using a 6 mm biopsy punch and placed into a new non-treated TCPS plate. In preparation
for cell studies in the future, the handling and mechanical testing of scaffolds needed to
be modified. Scaffolds were disinfected by rinsing in 70% ethanol for 15 minutes, sterile
phosphate buffered saline (PBS) 1X for 15 minutes, PBS 1X for another 10 minutes, and
then sterile standard MSC growth medium (α-minimum essential medium, 10% fetal
bovine serum, 1% penicillin-streptomycin) for 10 minutes. After all the disinfection was
complete, scaffolds were covered in 300 µL of MSC growth medium, and placed into an
incubator at 37 °C and 5% CO2 for 24 hours to equilibrate. The incubator is held at
standard cell culture conditions; thus, the observed mechanical behavior of the scaffolds
will more accurately reflect the environment cells will be experiencing than if the
scaffolds were not hydrated and at room temperature.
The rheological testing of the PVA scaffolds also had to be slightly modified to
mimic an in vitro dynamic loading environment. All unconfined compression testing was
conducted in triplicate at 37 °C with each scaffold held in a custom designed 3D printed
holder (Figure 17). Beyond holding the scaffold and containing any cells from spreading
onto the peltier plate of the rheometer, it was essential to confirm that the holder would
not affect the mechanical testing of the scaffolds. By ensuring the normal force is zeroed
prior to any runs on the rheometer and accounting for the height difference in the
MATLAB code, it was confirmed that the elastic modulus was unaffected by the holder.
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Figure 17: PVA scaffold hydrated in standard cell culture medium within the custom 3D printed
holder for rheological testing.

3.4.3. Mechanical Properties of Hydrated Scaffolds
The first observation from this round of hydrogel preparation was that the 15%
PVA MW 67 kg/mol never crosslinked to form a hydrogel, even after 8 F/T cycles
(Figure 18). This is likely attributed to the polymer chains being too short to achieve
structural integrity from physical crosslinking alone. Hence, only one concentration
(15%) was investigated and this particular molecular weight was not used for any
subsequent work.
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Figure 18: (left) PVA MW 67 kg/mol never crosslinked to form a hydrogel as seen by the translucent
fluid in the wells, while (right) PVA 95 kg/mol formed opaque crosslinked hydrogels.

The hydration of PVA hydrogels in standard MSC culture medium allowed for
equilibration as well as provided information regarding the type of extracellular matrix
environment it would provide to cells. As before with the non-hydrated scaffolds, a trend
was visible for increasing concentration and increasing cryogel cycles resulting in stiffer
hydrogels for both molecular weights (Figure 19 & Figure 20). This trend agrees with
previous literature findings, however, this study differs in that the equilibration was
performed in cell culture medium instead of water (Gupta et al., 2011; Stauffer and
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Peppas, 1992; B. H. Wang and Campbell, 2009) or PBS (Holloway et al., 2013; Joshi et
al., 2006; Liu ett al., 2009)
2009).
For both molecular weights there was a noticeable increase in stiffness between 4
F/T and 6 F/T, with little change to 8 F/T. The bi-layered
layered scaffolds maintained structural
integrity after hydration and all compression testing was perfor
performed
ed with the softer layer
on top. This orientation was chosen to mimic native forces being transmitted first to the
articular cartilage then to the subchondral bone. The stiffness of the bi--layered scaffolds
was generally intermediate to that of its consti
constituent layers for
or both molecular weights.
weights
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Figure 19:: Elastic modulus varies with cryogel cycles and concentration for PVA MW 145 kg/mol
hydrogel scaffolds. All groups tested in triplicate with standard deviation shown.

The stiffest gel achieved for the MW 145 kg/mol scaffolds was a 10% PVA 8 F/T
with an elastic modulus of 118 ± 16 kPa. For the PVA MW 145 kg/mol hydrogels, a
significant increase in stiffness was observed between the 3% and 6% gels for all F/T
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cycles (Figure 19).
). A 20% PVA MW 145 kg/mol scaffold group was not prepared due to
difficulty pipetting such a viscous solution.
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Figure 20: Elastic modulus on day 1 and day 7 of hydration in cell culture medium for PVA MW 95
kg/mol scaffolds. All groups tested in triplicate with standard deviation shown.

With respect to the PVA MW 95 kg/mol hydrogel scaffolds, the same trends for
concentration and F/T cycl
cycles were visible (Figure 20).. While a 3% PVA MW 95 kg/mol
batch was made, the resulting hydrogels lacked structural integrity and thus were not
mechanically tested. The maximum stiffness achieved with this molecular weight
wei
occurred for the 20% PVA 6 F/T scaffolds at 517 ± 72 kPa. Furthermore, the effects of
hydration on elastic modulus over time were investigated for the 6%, 10%, and 20% PVA
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MW 95 kg/mol scaffold groups. Unconfined compression testing was performed on days
1 and 7 of hydration. This preliminary examination of hydration behavior indicated that
there was an average decrease in elastic modulus between day 1 and day 7 of testing.
However, this is unlikely due to mechanical degradation, as PVA is known to be nondegradable. The initial hypothesis to describe this drop in modulus is due to some
evaporation of medium in the cell culture conditions as well as any remaining diffusion
of water or non-crosslinked PVA solution out of the scaffold core. A more in-depth
investigation into the effect of hydration behavior over time is discussed in Chapter 4.
The standard deviations seen throughout this round of scaffold testing is likely
due to the difficulty pipetting viscous solutions equally into each well or slightly uneven
top surfaces of the scaffolds from the F/T cycles. This theory is supported due to the
increase in standard deviation with increasing PVA concentration.

3.4.4. SEM Results for Hydrated Scaffolds
In order to assess the internal microstructure of the hydrated PVA scaffolds made
in ice water plates, hydrogels were lyophilized to completely dehydrate them and then
prepared for SEM as before. While some deformation occurred due to lyophilization, it
was less than before due to altered lyophilizer settings. The SEM settings were set to an
accelerating voltage of 15 kV, a working distance of 15 mm, and a spot size of 30.
Overall pore size was seen to increase with increasing F/T cycles, decreasing molecular
weight, and increasing concentration.
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Figure 21:: SEM images of hydrated scaffolds. Upper left) 6% PVA MW 95 kg/mol 3 F/T; Upper
right) 6% PVA MW 95 kg/mol 6 F/T; Lower left) 6% PVA MW 145 kg/mol 4 F/T; Lower right) 3%
PVA MW 145 kg/mol 6 (left) - 3 (right) F/T. All images taken at 500 X with a scale bar of 50 µm.

Good pore formation that is uniform throughout the scope is seen in Figure 21. In
comparing the upper left to the upper right images, the pore size clearly increases with
increasing F/T cycles (3 F/T on left to 6 F/T on right) for scaffolds made with 6% PVA
MW 95 kg/mol. Successful formation of a bbi-layered
layered scaffold is seen in the bottom right,
with good integration between the 3 F/T layer on left and the 6 F/T layer on right. By
comparing the 3 F/T portion of the bi
bi-layered
layered scaffold with the upper left image, pore
size increases with decreasing mol
molecular
ecular weight possibly due to improved chain mobility.
The bottom left image illustrates that at 4 F/T cycles decent sized pores are achieved that
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are approximately 30 µm in diameter. In conjunction with mechanical property findings,
this bottom left SEM image supports the use of 4 F/T cycles as a threshold for future
studies due to good mechanical integrity and adequate pore size for cell migration.

3.5. Conclusion
Optimal fabrication of PVA scaffolds utilizes the autoclave and the centrifuge for
48 well plates as well as adding an ice water thaw phase. Hydrogels can be made with
predictable mechanical properties by varying the molecular weight, concentration, F/T
cycles, and thawing rate. The implications of choosing specific scaffold synthesis
parameters are shown in Table 4. The strongest hydrogel scaffolds are achieved with
lower molecular weight, higher concentration, and higher number of F/T cycles.

Table 4: PVA Synthesis Parameters and Characteristics. By varying molecular weight,
concentration, and F/T cycles, a range of mechanical properties can be achieved.

More dense
Low
High
High
High
Slower
High
High
High
High
High
High

Characteristic
Molecular Weight
Elastic Modulus (E)
Shear Modulus (G)
Freeze-Thaw Cycles
Thawing Rate
Phase Separation
Concentration
Density of Crosslinking
Flexibility
Porosity
Pore Size

Less dense
High
Low
Low
Low
Faster
Low
Low
Low
Low
Low
Low

To prepare for future cell-seeded scaffold studies, physiological culture conditions
were introduced and the mechanical behavior of cell culture medium hydrated scaffolds
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was examined. Scaffolds with a range of stiffness (1.2 – 600 kPa) were achieved under
physiological test conditions. Furthermore, the effects of hydration on the scaffold elastic
modulus over seven days and the internal microstructure were examined to gain a better
understanding of the environment cells would experience.
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CHAPTER 4: HYDRATION OF PVA SCAFFOLDS AND
INITIAL CELL STUDIES
4.1. Introduction
Previous research uncovered trends amongst variations on the mechanical
properties of PVA, but few studies have investigated the combined effect of physiological
conditions and swelling behavior on hydrogel mechanical properties over time. The ability
to moderate properties (e.g., stiffness and swelling) and fabrication techniques to decouple
integrin-mediated and mechanical loading influences of mechanotransduction induced cell
differentiation is advantageous for studying tissue regneration. Thus, synthetic nondegradable hydrogels are desirable for investigating the effects of short-term dynamic
loading on MSC behavior in vitro. Pure PVA hydrogels are non-favorable for cell
adhesion due to hydrophilic hydroxyl side chains, which result in decreased cell viability
for adhesion-dependent cells (Baker et al., 2012; Nuttelman et al., 2001). To improve cell
viability and thus the effectiveness of PVA as a tissue engineering scaffold, cell
attachment to PVA has been modulated by varying polymer wettability, polymer
concentration, and elastic stiffness, in addition to introducing cell-adhesion ligands such as
Arg-Gly-Asp (RGD) (Gupta et al., 2011).
While studies have been conducted on the varying mechanical properties of PVA
hydrogels and the effects of dynamic loading on a range of biomaterials, it has yet to be
determined if dynamic loading can improve MSC viability and matrix accumulation in a
PVA hydrogel scaffold in the absence of insoluble and soluble cell-signaling molecules.
The goal of this chapter was to further investigate the mechanical properties of various
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PVA acellular scaffolds as well as the short-term effects of scaffold stiffness and alternate
day compressive dynamic loading on human MSC viability, retention and collagen
production in PVA scaffolds.

4.2. Materials and Methods
4.2.1. Fabrication of PVA Hydrogel Scaffolds
PVA with molecular weights of 147 kg/mol and 95 kg/mol was obtained from
Sigma Aldrich. PVA solutions of 6 or 10 % (w/v) were made with deionized water;
homogenous solutions were formed by autoclaving at 121 °C for 60 minutes followed by
mixing on a stir plate at 300 rpm and 45 °C for 20 minutes. Aliquots of PVA solution
were transferred into 48-well non-treated TCPS plates to obtain samples with a uniform
height of 3 mm. The plates were centrifuged at 3000 rpm for 1 minute to remove air
bubbles. Hydrogel scaffolds were obtained via repeated F/T cycles (1 cycle = -20° C for
22 hours, ice water 1 hour, 25° C 1 hour) for a total of 3, 4, 6, 8, or 10 F/T cycles.
Scaffolds were punched out of wells using a 6 mm diameter biopsy punch and
were disinfected using various solution washes with 70% ethanol, sterile PBS, and sterile
standard MSC growth medium (α-minimum essential medium, 10% fetal bovine serum,
1% penicillin-streptomycin). After disinfection scaffolds were transferred to treated
TCPS plates, hydrated in standard MSC growth medium, and placed into an incubator at
5% CO2 and 37 °C for 24 hours to allow for equilibrium swelling of the hydrogel
scaffolds.
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4.2.2. Mechanical Testing
Hydrated acellular scaffolds were removed from the incubator and transferred to a
custom sample holder to be tested in unconfined compression. Data was recorded using
TA Universal Analysis software. A 20% compressive uniaxial strain was applied to
scaffolds at a rate of 10.0 µm/sec for a total change in height of -600 µm using a TA
AR2000 Rheometer fixed with an 8 mm stainless steel parallel geometry; tests were
conducted at 37 °C. The elastic modulus was calculated from the stress-strain curve
between 4 -20% via linear regression using a custom MATLAB code (Appendix A.1).

4.2.3. Mechanical Degradation Study
To determine the effects of cell culture conditions on PVA mechanical properties,
acellular scaffolds were tested in unconfined compression once on day 1 and again on
day 7; scaffolds were returned to cell culture conditions after compression testing.
Modulus degradation was determined by comparing day 1 and day 7 moduli values of
acellular scaffolds hydrated in standard MSC growth medium. In addition, scaffolds were
massed directly after loading to record changes in mass with time. On day 8 scaffolds
were transferred to deionized water to hydrate for 24 hours at which point they were
massed and tested in unconfined compression on day 9. Scaffolds were maintained at 5%
CO2 and 37 °C during hydration. Compression moduli values were collected as before.

4.2.4. MSC Culture Conditions
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Primary human MSCs were obtained from Lonza, thawed according to the
supplier’s recommendations, and grown to 80% confluency at passage 4 in T 75 flasks in
standard MSC growth medium. Upon reaching confluency, trypsin was added to flasks,
incubated for 10 minutes, and lifted cells were transferred to centrifuge tubes and
centrifuged at 600 g for 5 minutes. The supernatant was aspirated and the cell pellet was
re-suspended in 1 mL standard MSC growth medium. Cells with intact membranes were
identified by mixing 10 µL cell suspension with 10 µL Trypan Blue dye. A
hemacytometer was used to count living cells at 10X using a light microscope. The cell
suspension was then diluted with standard MSC growth medium to the desired cell
concentration.

4.2.5. Cell Viability
6% PVA (147 kg/mol, 10 F/T) and 10% PVA (147 kg/mol, 4 F/T) scaffolds were
seeded with MSCs (1.7 x 106 cells/mL) in standard MSC growth medium (n = 6 per
scaffold, N = 12) and allowed to culture for 24 hours in cell culture conditions. A 5
minute cyclic 15% unconfined compressive uniaxial strain at 0.1 Hz at 37 °C was applied
to cell-seeded constructs (n = 6 static, n = 6 load, N = 12). Cell-seeded scaffolds were
returned to cell culture conditions and after an additional 24 hours of static culture human
MSC metabolic activity and thus viability were quantified using a MTT-based In Vitro
Toxicology Assay Kit following the manufacturer’s protocol. The optical density was
measured at 570 nm using a BioTek plate reader. Background absorbance at 690 nm was
subtracted from the measured absorbance. Absorbance values for the experimental (i.e.,
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dynamically loaded) and control (i.e., non-loaded) samples were normalized to nonmodified TCPS cell controls. MTT assay results were compared before and after loading.
All experiments were performed in triplicate.

4.2.6. Dynamic Loading of Cell-Seeded PVA Scaffolds
For the short-term 7 day dynamic loading study, 6% PVA (147 kg/mol, 4 F/T)
and 10% PVA (95 kg/mol, 4 F/T) scaffolds were seeded with MSCs (33,200 cells/mL) in
standard MSC growth medium (n = 24 per scaffold group, N = 48) and allowed to preculture for 24 hours in cell culture conditions. Medium was changed on day 4 of the
study. Non-seeded (i.e., acellular) scaffolds served as controls. The pre-culture was
followed by dynamic loading on days 1, 3, 5, and 7. A 5 minute cyclic 15% unconfined
compressive uniaxial strain at 0.1 Hz at 37 °C was applied to cell-seeded constructs (n =
24 static, n = 24 load, N = 48). The compressive elastic modulus was calculated via linear
regression of 3-15% strain using MATLAB (see Appendix A.2). All groups were tested
in triplicate. Following compression, samples were returned to cell culture conditions.

4.2.7. Van Gieson Staining
MSC-seeded scaffolds were qualitatively characterized using Van Gieson stain to
examine collagen accumulation in both loaded and non-loaded samples. Scaffolds were
removed from cell culture conditions and stained on days 2, 4, 6, and 8. Briefly, scaffolds
were placed in Van Gieson solution for 5 minutes then progressively rinsed using
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deionized water for 36 hours to ensure all unattached dye had leeched out. Samples were
air dried prior to visualization.

4.2.8. SEM Scaffold Characterization
Twenty-four hours following dynamic compression (on days 2, 4, 6, and 8),
loaded and non-loaded cell-seeded scaffolds were fixed with 3% (w/v) glutaraldehyde
solution for 45 minutes. A buffer solution consisting of 0.1 M sodium cacodylate and 0.1
M sucrose was used to wash the scaffolds three times. A progressive dehydration was
performed using 35%, 50%, 70%, 95%, 100%, and 100% ethanol for 10 minutes each.
Scaffolds were also soaked in hexamethyldisilazane for 10 minutes then air-dried
overnight. Cross-sectional slices were prepared for each scaffold and sputter coated with
7 nm of gold/palladium. Porosity, cell location and concentration were examined on a
JEOL 6060 scanning electron microscope (SEM) with a working distance of 15 mm,
accelerating voltage of 15 kV, and a spot size of 30.

4.2.9. Statistics
All experiments were performed in triplicate with results reported as mean ±
standard deviation. Statistical analysis was performed with a GLM procedure using
Statistical Analysis System (SAS) software. A fixed effect tri-factorial (concentration,
molecular weight and cryogel cycles) model was generated to study the contribution of
each factor to PVA scaffolds with a range of compressive elastic moduli. The multiple
comparisons were performed based on a two-way ANOVA of individual and interaction
effects of the three factors. For analyzing the MSC viability and the elastic modulus of
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dynamically loaded MSC-seeded PVA scaffolds over 7 days, similar GLM procedures
were preformed to obtain one-way ANOVA as well as Tukey multiple comparison
results. A p ≤ 0.05 was considered significantly different for all statistical analysis.

4.3. Results
4.3.1. Effect of Fabrication Parameters on Scaffold Stiffness
A range of moduli was achieved by varying PVA molecular weight, PVA solution
concentration, and the number of cryogel F/T cycles as shown in Figure 22. A
statistically significant interaction occurred between concentration and molecular weight
for all of the samples at each F/T cycle (p = 0.0076) with concentration having a greater
impact than molecular weight on the elastic modulus. Due to this interaction, a Tukey
HSD test was conducted for each F/T cycle group and both lower F/T cycles were
significantly different than the higher F/T cycles (* = p < 0.05). Significant increases in
elastic moduli were seen for both increasing number of cryogel cycles (3 F/T compared
to 8 F/T, p < 0.0001), decreasing PVA molecular weight (147 kg/mol compared to 95
kg/mol, p = 0.0025), and increasing PVA concentration (6% compared to 10%, p <
0.0001). A minimum stiffness of 7 kPa was achieved by the 6% PVA (147 kg/mol, 3 F/T)
experimental group, while a maximum stiffness of 224 kPa was achieved by the 10%
PVA (95 kg/mol, 6 F/T) experimental group. Scaffolds consisting of PVA with different
molecular weights and solution concentrations exhibiting similar moduli were achieved
by adjusting the number of F/T cycles.
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Figure 22: PVA scaffolds with a range of compressive elastic moduli were fabricated by varying PVA
concentration, PVA molecular weight, and cryogel cycles. All groups were tested in triplicate in
unconfined compression at 37 °C. # = p < 0.0004 between concentrations for same MW at each F/T
cycle, * = p < 0.05 between F/T cycle groups independent of MW and concentration.

4.3.2. Effect of Hydration on Mechanical and Mass Degradation
Fabricated scaffolds achieved elastic moduli of 23 kPa for 6% PVA (147 kg/mol,
4 F/T), 24 kPa for 6% PVA (95 kg/mol, 4 F/T), and 71 kPa for 10% PVA (95 kg/mol, 4
F/T) after 1 day of hydrating in standard MSC growth medium at 37 °C and 5% CO2.
Modulus degradation of acellular PVA scaffolds decreased for lower molecular weight
scaffolds, with the 6% PVA (95 kg/mol, 4 F/T) scaffolds only showing a 14% modulus
decrease after 7 days as shown in Figure 23. These scaffolds also exhibited a slight mass
degradation with no significant differences seen between loaded and non-loaded scaffolds
within the same group (Figure 24).
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Figure 23:: Effects of hydration on elastic modulus over 7 days in media and recovery in water for 2
days. All scaffolds tested in triplicate in unconfined compression at 37 °C.

Figure 24:: Effects of hydration on mass over 9 days
days.. Samples were hydrated in standard MSC
culture medium for days 11-7,
7, and then placed in deionized water until day 9.

Upon hydration in deionized water, the moduli and mass
masses
es of the acellular
scaffolds increased (see Figure 24);
); however, the values did not return to the original
values recorded on day 1. The greatest modulus and mass re
recovery
covery was seen for the 10%
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PVA (95 kg/mol, 4 F/T) scaffolds with a 14% modulus increase and 7% mass increase
compared to day 7 medium hydration values. For all sample groups, a greater mass
recovery was seen for loaded samples compared to non-loaded samples. Although trends
were seen in the data, the moduli and recorded masses of the samples did not
significantly change over the course of the study.

4.3.3. Cell Viability
The MTT assay for the MSC-seeded PVA scaffolds indicated an increase in in
vitro metabolic activity and thus cell viability as a result of increased scaffold stiffness
(6% vs. 10% PVA groups) and dynamic compressive axial loading (Figure 25); however,
results were not significant between loaded and non-loaded samples (p > 0.05). The 6%
PVA (147 kg/mol, 10 F/T) had a greater normalized cell viability compared to the 10%
PVA (147 kg/mol, 4 F/T) scaffolds; a 27% increase was seen for the 10% PVA compared
to 51% increase in cell viability for the 6% PVA scaffolds, respectively.

Figure 25: Primary human MSC viability after 48 hours of culture within 6% PVA 10 F/T or 10%
PVA 4 F/T MW 147 kg/mol scaffolds. Metabolic activity was determined using an MTT-based in
vitro toxicology assay. Results normalized to non-modified TCPS cell controls.
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4.3.4. Effect of Dynamic Loading on MSC Behavior
The initiation of dynamic loading on alternate days after a 24 hour pre-culture of
MSC-seeded PVA scaffolds resulted in a slight decrease in moduli occurring between
day 1 and day 3, and the values stabilized to day 7 (Figure 26), however, results were not
significant between loaded and non-loaded samples (p > 0.05). The moduli values for the
experimental sample groups, 6% PVA (147 kg/mol, 4 F/T) and 10% PVA (95 kg/mol, 4
F/T), slightly decreased over a period of 7 days, however, the results were not
significantly different.

Figure 26: Elastic moduli of dynamically loaded MSC-seeded 6% PVA MW 147 kg/mol 4 F/T
scaffolds and 10% PVA MW 95 kg/mol 4 F/T over 7 days. Dynamic unconfined compression loading
was performed on alternate days for 5 minutes at 37 °C. All scaffolds were tested in triplicate.

Van Gieson staining qualitatively indicated progressive increases in collagen
deposition for loaded samples, and the stain intensity appeared to decrease or stay the
same for non-loaded samples (Figure 27). In addition, the 10% PVA (95 kg/mol, 4 F/T)
scaffolds appeared to have a darker intensity than the 6% PVA (147 kg/mol, 4 F/T).
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Figure 27: Van Gieson staining results indicate increased collage deposition for loaded samples but
decreasing or steady-state collagen staining for non-loaded samples relative to day 0 controls for
10% PVA MW 95 kg/mol 4 F/T and 6% PVA MW 147 kg/mol 4 F/T scaffolds.

SEM micrographs of MSC-seeded scaffolds indicated cell retention across the
scaffold cross-section and penetrating pores as shown in Figure 28; SEM images were
taken from the center of a 2.5 mm x 5.5 mm cross sectional slice of the sample. The cells
are round in morphology, with a diameter of approximately 1 – 2 µm. The 6% PVA (147
kg/mol, 4 F/T) scaffolds exhibited a larger pore size than the 10% PVA (95 kg/mol, 4
F/T) scaffolds, regardless of loading group.
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Figure 28: SEM of MSC-seeded scaffolds (10% PVA MW 95 kg/mol 4 F/T or 6% PVA MW 147
kg/mol 4 F/T) fixed in a 3% glutaraldehyde solution 24 hours after each loading day. Cells are shown
slightly rounded, highlighted by yellow circles. Pictures taken at 1500X, scale bar 10 microns.

4.4. Discussion
The parameters investigated in this study were chosen based on a desire to
achieve scaffolds with a range of moduli to guide MSCs towards a specific lineage. The
molecular weights chosen are commonly researched for PVA scaffolds because the PVA
chains are long enough for entanglement and physical crosslinking, and the resultant
hydrogel is strong enough to be applicable for cartilage replacement (Baker et al., 2012;
Bodugoz-Senturk et al., 2009; Bray and Merrill, 1973; Spiller et al., 2011b), or
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intervertebral disc repair (Allen et al., 2004; Joshi et al., 2006; B. H. Wang and Campbell,
2009). The F/T cycles were selected based on results from the literature which showed
that incremental increases in hydrogel stiffness and degree of crystallinity were seen after
6 F/T cycles (Holloway et al., 2010; Ricciardi et al., 2004). This may explain why the
10% PVA (95 kg/mol, 4 F/T) exhibited a non-significant change in modulus between 6
F/T and 8 F/T.
Hydrated acellular PVA scaffolds displayed significantly increased moduli with
increasing concentration and decreasing molecular weight; the number of cryogel F/T
cycles also significantly affected the elastic modulus. These trends were expected
because lower molecular weight polymers have shorter chains that are more mobile than
longer chains (Schmedlen et al., 2002). Thus, shorter chains can move to physically
crosslink more easily than longer chains. Similarly, higher concentration PVA solutions
have more chains with which to physically crosslink, leading to a more dense and stiffer
scaffold (Stauffer and Peppas, 1992). The increase in strength associated with increasing
cryogel cycles is due to the repetition of freezing and thawing in which phase separation
occurs, pushing the polymer chains closer together, making crosslinking easier
(Holloway et al., 2013). Additionally, the ice water thaw slowed the thawing rate, thereby
allowing the PVA chains to remain in the optimal physical crosslinking zone of subzero
temperatures for a longer time (Lozinsky et al., 2011; Lozinsky and Damshkaln, 2000;
Wan et al., 2002). The results of this study indicate that an interaction exists between
concentration and molecular weight in regards to the elastic modulus. In the future,
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optimizing the concentration of the PVA hydrogel may have a greater impact than
altering the molecular weight for a given F/T cycle.
The decrease in moduli seen in the degradation study may have been due to either
non-crosslinked chains leeching into solution or the hydrating medium. Scaffolds with
lower molecular weight PVA and/or higher PVA concentration had reduced mass
degradation due to increased structural integrity and increased physical crosslinks. Upon
hydration in water, a recovery was seen for both mass and modulus for all acellular
scaffolds tested, suggesting that differences in hydration behavior affect stiffness. Indeed
lower concentration hydrogels with an increased water fraction were more prone to
structure rearrangement and chain dissolution over time (Hassan and Peppas, 2000b).
Additionally, increased stability (modulus and mass) arises from increased concentration
and increased F/T cycles.
The MTT assay results indicate that PVA is not cytotoxic to cells and that
dynamic loading may improve cell viability compared to free-swelling cell-seeded
scaffolds. The 6% PVA (147 kg/mol, 10 F/T) scaffolds exhibited greater normalized cell
viability (i.e., metabolic activity) after dynamic loading, possibly due to improved
nutrient exchange and waste diffusion. Our findings support previous results that suggest
cyclic compression improved and maintained cell viability for human MSC-seeded fibrin
gel scaffolds compared to static culture (Pelaez et al., 2009).
Dynamic loading over the course of 7 days improved cell retention and collagen
deposition. While an increase in moduli for the MSC-seeded scaffolds was expected over
7 days, the low frequency of dynamic loading (0.1 Hz) may not have been able to
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overcome the hydrophilic nature of the substrate. All scaffolds stained positive for
collagen deposition, although the loaded samples showed an increase in stain intensity
throughout the time span of the study compared to non-loaded samples. The darker
staining of the 10% PVA (95 kg/mol 4 F/T) scaffolds correlates to enhanced strength
from more collagen present. The SEM images verify the presence of a porous network
with an increased pore size seen for the 6% PVA (147 kg/mol, 4 F/T) scaffolds,
attributable to the less dense network compared to the 10% PVA (95 kg/mol, 4 F/T)
samples. SEM images also confirm the presence of cells within the scaffold interior and
increasing cell number with time. No differences in cell numbers were seen between the
scaffold groups.
The limitations of this study were the low frequency of dynamic loading, the use
of qualitative collagen accumulation identification, and non-fluorescent imaging. These
results do not clarify if initial loading forces cells to respond to dynamics (such as
scaffold stiffness and compressive loading) rather than the composition and biological
activity of the material substrate.

4.5. Conclusion
The elastic moduli of PVA scaffolds significantly increase with decreasing
molecular weight, increasing concentration, and increasing F/T cycles. This study
incorporates PVA scaffolds for high-throughput in vitro studies to decouple dynamic
loading and modulus controlled mechanotransduction mechanisms for the purpose of
investigating MSC activity. This study provides preliminary evidence that mechanical
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loading is an additional parameter that may be used to enhance human MSC viability and
matrix production on synthetic, hydrophilic hydrogels such as PVA.
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CHAPTER 5: PREPARATIONS FOR DYNAMIC LOADING
OF PVA SCAFFOLDS
5.1. Introduction
In order to assess the extent of mechanotransduction pathways being activated in
human MSC seeded PVA scaffolds, a process must be developed for upscale of scaffold
manufacturing and upstream cell culture. Additionally, cellular mechanotransduction for
the purpose of osteochondral defect repair must be investigated under physiological
conditions.

5.2. PVA Scaffold Manufacturing
5.2.1. Designing a Poly(dimethylsiloxane) Plate for PVA Cryogels
Scaffolds for previous experiments were fabricated utilizing a 48 well non-TCPS
plate and a 6 mm biopsy punch (section 4.2.1, page 51). However, this method did not
guarantee a high yield of identical scaffolds due to the multi-step process and potential
for imprecision. Pipetting the viscous homogenous solutions into the wells introduced
imprecise volumes due to capillary forces within the pipet tip. After completing the
desired number of freeze-thaw cycles, proper radial dimensions for the scaffolds were
achieved via the biopsy punch, but often resulted in quasi-vertical walls. Therefore, the
need to improve and optimize the PVA scaffold fabrication process existed in order to
allow for the future upscale of scaffold manufacturing.
The goal was to design a plate that would permit lean scaffold manufacturing and
reproducible mechanical properties. The requirements for the new plate were four-fold:
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1) to produce scaffolds with identical dimensions, 2) to consistently fill the wells with the
homogenous viscous solution, 3) to allow for easy removal of scaffolds, and 4) to be able
to be sterilized. The easiest requirement to meet was the first because the well plate was
designed with wells equal to the final desired scaffold dimensions (height of 3 mm and
diameter of 6 mm). As a result, the biopsy punch step was no longer needed and thus, the
outside walls would always be orthogonal to the base. The second requirement was more
difficult because of the viscous solution being used. As previously mentioned, pipetting
caused imprecision due to capillary forces within the tip. The design of the new plate
allowed for the viscous solution to be poured over the top of all the wells with excess
scraped into a lateral trough. The third aspect was dependent upon the innate property of
PVA being hydrophilic and biocompatible as well as the need for scaffolds to be removed
without being damaged or stressed. Therefore, the material selected was hydrophobic and
somewhat pliable to allow for scaffolds to be popped, not pried, out. The final design
requirement alluded to future cell studies and thus, the plate needed to maintain structural
integrity upon exposure to either ultraviolet (UV) light or the autoclave in order to be
sterilized. Additionally, any toxic chemical residues had to be able to be removed prior to
contact with the polymer solution.
The material selected for the plate was poly(dimethylsiloxane) (PDMS) due to its
hydrophobic, pliable, and non-porous nature. The stages of the plate design can be seen
in Figure 29 and Figure 30. The initial 3D printed prototype was produced based on
initial design specifications and then produced as a high-resolution 3D printed plate.
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However, PVA solution leached into the pores of the material, and thus, modifications
were made to the design to be able to create a nonporous plate.

Figure 29: Design and development of a 48 well plate for PVA scaffold manufacturing. Left: 3D
printed prototype, Right: high-resolution 3D printed plate. The trough on the right was initially
included for overflow of poured solution.

Figure 30: Final design – an aluminum negative mold for creation of PDMS well plate.

In order to create a PDMS silicone well plate, an aluminum negative mold was
machined (Appendix C.1 PVA Plate Design). The material for the negative mold was
chosen because aluminum is non-porous, able to be autoclaved, and a dimensionally
stable material. This negative was rinsed using isopropanol to remove any particulate
residue from the machine shop and then exposed to UV light for 10 minutes. Next, a
vacuum desiccator was built (Figure 31) by attaching a vacuum pump to a vapor trap
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submerged in ice and then to a desiccator with a Millipore filter. In the bottom of the
desiccator, a petri dish was half filled with light mineral oil. Then 200 µL of
(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (silane) was deposited onto the
mineral oil in the petri dish. The separator was placed into the desiccator with the
aluminum mold on top. A vacuum was pulled and held for one hour to coat the mold in
non-stick silane. This step was performed to turn a hydrophilic surface into a
hydrophobic surface to allow for future detachment of the PDMS well plate (Teh et al.,
2008). After one hour, the vacuum was released, and the mold removed.
Vapor trap
Vacuum
pump
Vacuum
desiccator

Negative mold

Light mineral oil and
silane in petri dish
Figure 31: Vacuum desiccator and vapor trap set-up for coating the aluminum negative mold with
silane in order to create a hydrophobic surface.

After removing the aluminum mold from the vapor trap, a silicone mixture was
formed using a 10:1 ratio of Sylgard 184 Elastomer : Sylgard 184 Curing Agent for a
total volume of 33 mL. The very viscous solution was mixed using a wooden stick and
then centrifuged for 30 seconds at 4000 rpm to de-gas the Sylgard 184 mixture. A hot
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plate was set to 90 °C and allowed to reach temperature. On a cool surface, the
t
centrifuged Sylgard mixture was slowly poured into the aluminum negative mold. The
Sylgard-filled mold was slowly placed onto the hot plate and left to bake for 80 minutes.
Once letting the now solid well plate cool, a spatula was used to carefully separate the
Sylgard 184 PDMS
MS well plate from the aluminum negative mold. Figure 32 shows the
negative aluminum mold as well as the resulting PDMS silicone 48 well plate. The
silicone plate was washed using ethanol to remove any remaining silane.

Figure 32: Aluminum negative mold and resulting PDMS w
well
ell plate before separation (left)
(left and
PDMS plate after separation (right).

With the PDMS well plate made, the next step was to address the second
requirement in the well plate design, the filling of the wells. Initially the thought was to
pour the viscous polymer solution over the top of the plate and let the solution ooze into
each well. However, it was quickly determ
determined
ined that this was not a feasible option for two
reasons. Firstly, the viscous solution did not fully fill each well due to the small diameter
opening. Instead, interfacial tension and surface tension forces ccovered
ed the well but did
not actually sink into the full opening. Secondly, polymer solution covered the solution
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and after freeze-thaw cycles, all the individual wells were connected. This also meant the
scaffolds in each well were not flat on top. Thus, the option of pouring the solution over
the top of the plate was discarded and replaced by the use of a syringe. Knowing that
each well was 6 mm in diameter and 3 mm in depth, the total volume to insert into each
well was determined using the following equation:
s    5 S  7    3 AAS  3 AA  84.82 AA  0.084 A  0.084 ;;

5.2.2. PVA Scaffold Implementation
Prior to placing any PVA solution into the wells, a glass slide was placed
underneath the PDMS plate to provide a rigid backbone for moving the plate. Therefore,
a 1 cc syringe was used to insert approximately 0.085 cc of viscous PVA polymer
solution into each well. While the volume in well was not precisely the same, the syringe
eliminated the issue of a small mouth and the capillary forces on the sides of a pipet tip.
Furthermore, the slow rate of insertion allowed for full well filling with no air bubbles or
bridging of the well opening. Any slight rounded meniscus was allowed to stay during
the subsequent F/T cycles, but upon final thawing, the tops were flattened using a razor
blade if necessary.
Neat PVA (Sigma/Aldrich) of molecular weight 95,000 g/mol was dissolved in
deionized and distilled water using a 40 minute autoclave cycle to achieve final solution
concentrations of 6%, and 10% (w/v). Additionally, a 4% (w/v) PVA solution was made
from the molecular weight 145,000 g/mol. PVA cryogels underwent 4, 6, or 8 F/T cycles,
with the latter two only applying to the 4% concentration of molecular weight 145,000
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g/mol. During the freezing stage, the PVA filled PDMS plates were placed inside of a
small plastic box to protect the cryogels from particles in the air and other objects in the
freezer (Figure 33).
). During the thawing process, the PDMS plates were placed
pl
in the lid
of a cell culture plate prior to being subjected to the ice water thaw to prevent water from
infiltrating the cryogel scaffolds (Figure 34).

Figure 33:: PVA filled PDMS silicone 48 well plates are frozen on top of a glass slide and in a plastic
box. Each well is 6 mm in diameter and 3 mm deep.

PVA filled PDMS
silicone plates
Plastic lid to allow
plates to float
Ice water bath

Figure 34:: Ice water thawing of PVA filled PDMS silicone plates with each plate/glass slide floating
in the lid of a cell culture plate.
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After the desired number of F/T cycles, PVA cryogel scaffolds were removed
from the PDMS silicone molds using a spatula and transferred to a non-TCPS 48 well
plate for disinfection. As described previously, scaffolds were disinfected using rinses of
70% ethanol, sterile PBS 1X (twice), and MSC standard growth medium. Following
disinfection, scaffolds were hydrated in medium and incubated for 24 hours at 37 °C and
5% CO2. The medium used for these experiments was sterile standard cell growth
medium with 20% FBS and 1% pen-strep.

5.2.3. Further Mechanical Characterization
In addition to the unconfined compression protocol previously conducted,
rheometer protocols were developed and performed to examine the viscoelastic
mechanical behavior of the PVA cryogel scaffolds. Specifically, the scaffolds were
characterized under shear stress to determine the storage modulus, the loss modulus, and
the shear modulus. The testing protocol was developed for the AR 2000 Rheometer (TA
Instruments) with the 40 mm stainless steel parallel plate geometry. Utilizing the
unconfined compression protocol as a foundation (section 4.2.2, page 52), shear testing in
the form of a time sweep and frequency sweep were added following the unconfined
compression step (for full protocol see Appendix B.1, page 144). This was done to ensure
the sample had a normal force applied to it and would not move under higher shear rates.
All tests were performed under physiological conditions at 37 °C and the normal force
was zeroed at the commencement of each run.
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After applying the 15% unconfined compression, gap distance of 450 µm, and gap
speed of 10.0 µm/s, an oscillatory time sweep was imposed. This time sweep varied
between 3 minutes (for the 4% PVA cryogels) and 4 minutes (for the 6% and 10% PVA
cryogels). A delay time of 1 second determined the number of sample points obtained in
the run. The controlled variables in the time sweep were a 1% shear strain and a single
frequency of 1 Hz. These values were chosen in order to prevent plastic deformation
from occurring within the scaffold since the shear properties of these gels were not yet
known. The purpose of the time sweep was to examine the viscoelastic behavior of the
material under a constant shear strain and frequency. The main hypothesis made
regarding the time sweep step was that stiffer gels would reach a plateau for the storage
modulus more quickly than softer gels due to their larger elastic phases. The frequency
sweep immediately followed the time sweep with a controlled shear strain of 1% and the
frequency ranging from 1 to 100 Hz. For each decade either 10 or 20 points were
collected with the 4% gels recording the former and the 6% and 10% gels the latter.
As with the unconfined compression test, the data was collected and stored in a
text file format for the above viscoelastic three-phase test. One text file was created for
the “flow” stage of the squeeze/pull off test step (unconfined compression) with the
following variables exported: gap (microns), normal force (N), normal stress (Pa), strain,
% strain, time (min), time (sec), and shear rate (1/s). A second text file was created for
the “oscillation” stages of the time and frequency sweeps with the following variables
exported: angular frequency (rad/s), temperature (°C), time (s), oscillatory stress (Pa),
strain, delta (degrees), G’ (Pa), G” (Pa), gap (microns), and normal force (N).
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In order to analyze and visualize the exported data, a new MATLAB program was
created. The first part of the code is the same as before, with an elastic modulus being
calculated from the slope of the stress versus strain graph for 3-15% axial strain as well
as an R2 value for the goodness of fit for the polynomial line. In the second part of the
code, the time sweep data is imported and necessary conversions are made from Pa to
kPa for the moduli and from rad/s to Hz for frequency using the formula:
58
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With the data in the proper units, convergence criterion is established in order to
find if and when the storage modulus, G’, reaches equilibrium during the time sweep. If
this occurs, it would be analogous to the normal force plateauing during axial stress
relaxation. Thus, the criterion must be achieved over multiple time points, and not simply
between two consecutive sample points. Therefore, the code requires a convergence
window of 4 sample points wherein the value for the mean storage modulus must be
within a specific epsilon between those four indicial points. The storage and loss modulus
is reported as a mean over 6 consecutive points in order to reduce noise associated with
the movement of the geometry and slight sample imperfections. The analysis code
utilizes the storage (G’) and loss (G”) moduli values as reported by the rheometer but
each modulus is governed by:
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where σ0 is the stress amplitude, γ0 is the strain amplitude, and δ is the phase lag.
Furthermore, at each indicial point the absolute shear modulus, G* and tan delta (tan δ)
are calculated via the following formulas.
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It should be noted that the absolute shear modulus is being calculated and not the
complex shear modulus (G* = G’ + i*G”) because the test set-up is such that simple shear
is being performed in which the dimension normal to the shear plane does not change. By
calculating the absolute shear modulus, Poisson’s Ratio, ν, can also be found by utilizing
the Young’s compressive elastic modulus, E:
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The values calculated and reported during the time sweep convergence loop are
significant because they provide information regarding the material’s viscoelastic
behavioral nature. The storage modulus, G’ represents the in-phase elastic component,
while the loss modulus, G” represents the out-of-phase viscous component. Consequently
when tan δ is calculated, it represents the ratio of viscous to elastic behavioral
contributions for the material at a specific frequency. A tan δ closer to 1 indicates a
dominating viscous contribution while a tan δ closer to 0 indicates primarily elastic
behavior at that frequency. Since E and G* are inherently positive, Poisson’s ratio, ν, will
be greater than -1. Within the convergence loop, epsilon is set to 0.0001. If the mean
storage modulus achieves convergence within the specified epsilon, the following
variables are reported for the median sample point within the given index: G’ (kPa), G”
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(kPa), G* (kPa), tan δ, normal force (N), and time (sec) of convergence. However, if
convergence is not reached within the given length of the time sweep, all of the above
variables except for normal force are reported. Graphs are generated to show the
progression of the storage and loss moduli over time (Figure 35) as well as the change in
normal force over time (Figure 36). Also, graphs are created to confirm the values of the
controlled variables gap and frequency in the time sweep phase (Figure 36).

Figure 35: Time sweep progression of storage and loss moduli over time for a 10% PVA MW 95
kg/mol 4 F/T PDMS cryogel.
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Figure 36: Normal force, gap, and ordinary frequency versus time in a time sweep for 10% PVA
MW 95 kg/mol 4 F/T PDMS cryogel.

The third part of the MATLAB code addresses the frequency sweep. The purpose
of the frequency sweep is to observe the viscoelastic behavior of the scaffold under an
increasing angular frequency. The code populates a semi-log graph of storage and loss
moduli versus ordinary frequency (Figure 37) as well as a graph of normal force, gap,
and percent shear strain versus time (Figure 38). The shear strain slightly deviates from
its controlled value, however it is within the rheometer’s degree of accuracy (± 0.01 %).
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Figure 37: Storage and loss moduli versus ordinary frequency on a semi-log plot for the frequency
sweep portion of the test for a 10% PVA MW 95 kg/mol 4 F/T PDMS cryogel.

Figure 38: Resulting normal force, controlled gap, and controlled shear strain for the frequency
sweep on a 10% PVA MW 95 kg/mol 4 F/T PDMS cryogel.

Utilizing this combined axial compression and oscillation protocol, the PVA
cryogel scaffolds were mechanically tested after completing the 24 hour hydration and
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incubation period. All values reported are the mean of four samples per group. The first
group of experiments explored a new concentration, 4%, with regards to freeze-thaw
freeze
cycles (Figure 39).. As before, a slight increase was noted fr
from 4 F/T (4.6 ± 0.411 kPa) to
8 F/T (28.285 ± 22.466 kPa)
kPa), although minimal difference was noted between 4 F/T and
6 F/T. This increasing trend is clearer for the absolute shear modulus, G* than it is for the
compressive Young’s elastic modulus, likel
likely due to the application of a 15%
15 compressive
strain which ensures even distribution of shear strain. The absolute shear modulus ranged
from 0.858 ± 0.126 kPa (4 F/T) to 1.611 ± 0.342 kPa (6 F/T) to 1.862 ± 0.511 kPa (8
F/T). An inverse relationship
lationship was noted bbetween freeze/thaw cycles and tan δ (Figure
40), with the greatest tan δ seen for the 4% PVA MW 145 kg/mol 4 F/T at 0.093 ± 0.031
degrees and the least seen for the 4% PVA MW 145 kg/mol 8 F/T at 0.056 ± 0.026
degrees. The data
ata for the mod
moduli and tan δ correlate well with each other since the stiffer
cryogels have a greater elastic contribution than the softer gels
gels,, resulting in a lower tan δ.

Figure 39:: Compressive elastic modulus and absolute shear modulus for 4% PVA MW 145 kg/mol
gels from PDMS plates subjected to a range of F/T cycles. All bars represent the mean of 4 samples.
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Figure 40: Tan δ from the time sweep step for all PVA cryogels made from the PDMS plate. All bars
represent the mean of 4 samples.

With regards to sample group comparisons across the same number of F/T cycles,
the general trends still hold true with an increase in concentration resulting in an
increased modulus as well as a decreased ttan δ (Figure 41). The 6% PVA MW 95 kg/mol
4 F/T gels achieved a compressive elastic modulus of 8.444 ± 3.354 kPa and an absolute
shear modulus of 3.441 ± 1.286 kPa, while th
thee 10% PVA MW 95 kg/mol 4 F/T gels
achieved an elastic modulus of 31.241 ± 3.977 kPa and an absolute shear modulus of
10.716 ± 2.969 kPa (Figure
Figure 41). Tan δ values for the 6% and 10% groups were 0.072 ±
0.010 degrees and 0.095 ± 0.024 degrees respectively ((Figure 40).
). A greater difference
between the tan δ values would have been exp
expected
ected due to the significant difference in
elastic and absolute shear moduli, however convergence was only achieved for one of
these eight samples indicating that the calculated absolute shear modulus and tan δ may
be slightly inaccurate. The time sweep fo
forr both sample groups was 4 minutes, which had
been adequate for the 4% PVA gels to achieve convergence.
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Figure 41:: Compressive elastic modulus and absolute shear modulus for PVA cryogels manufactured
using the PDMS plate. All sa
sample
mple groups underwent 4 F/T cycles. All bars represent the mean of
four samples.

The findings for the 6% and 10% gels refute the initial hypothesis that stiffer gels
would achieve convergence faster due to greater elastic regimes. Upon closer inspection
of the time sweep, the storage modulus does decrease throughout the 4 minute step,
however, it does not converge within the set epsilon of 0.0001. Furthermore, for both
sample groups the normal force progressively decreases throughout the time sweep
suggesting that stress relaxation may occur.. This is feasible due to the imposition of the
th
15% compressive axial strain throughout the oscillation steps
steps, and stiffer gels would
require longer to relax due to their decreased viscous contribution, as seen by lower tan
delta values. Like the GAGs in human cartilage, the viscous component of the hydrogel
h
is
responsible for dissipating energy. With increased elastic and shear moduli, the PVA
polymer chain network has stronger physical crosslinking resulting in less free fluid and
flexibility. Thus, convergence of the storage modulus
modulus,, representative of the elastic
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component, would be expected to be nearly concurrent with normal force relaxation.
Stress relaxation is an important viscoelastic property of polymer hydrogels for it
represents the returnable strain after axial or shear force application. If all of the gels had
achieved convergence of the storage modulus, the experimental data could be used to
calculate relaxation time and other material behavior in accordance with the Maxwell
model (section 2.1.2, page 5) as previously mentioned.

Figure 42: (top) 6% PVA MW 95 kg/mol 4 F/T gel and (bottom) 10% PVA MW 95 kg/mol 4 F/T. On
left: storage modulus does not achieve convergence during 4 minute time sweep. On right: normal
force decreases throughout the course of the time sweep.
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5.2.4. Imaging of Hydrated PVA Scaffolds
The microstructure of the PVA cryogel scaffolds manufactured from the PDMS
plate was examined in order to confirm the presence of porosity. After the shear testing
was conducted, one scaffold from each sample group was removed, flash frozen using
liquid nitrogen, and lyophilized for twenty-four hours. Two cross-sectional slices from
each sample were prepared and sputter coated with 7 nm of gold/palladium. Scaffold
microstructure was examined on a JEOL 6060 SEM with a working distance of 15 mm,
accelerating voltage of 15 kV, and a spot size of 30. As shown in Figure 43, an extensive
interconnected pore network was seen in all cross-sectional slices, especially the 6%
PVA MW 95 kg/mol 4 F/T and all 4% sample groups.
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A)

B)

D)

C)

F)

E)

Figure 43: SEM images of PVA cryogel scaffolds manufactured from PDMS plates. All images were
taken at 750X with a scale bar of 20 microns. A) 4% MW 95 kg/mol 4 F/T, B) 4% MW 145 kg/mol 4
F/T, C) 4% MW 145 kg/mol 6 F/T, D) 4% MW 145 kg/mol 8 F/T, E) 6% MW 95 kg/mol 4 F/T, F)
10% MW 95 kg/mol 4 F/T.
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Another element of preparing for dynamic loading of cell-seeded scaffolds was to
expand imaging capabilities so as to be able to obtain a 3D view of the porous hydrogel
macro- and microstructure. A few avenues were explored including microtomography
(micro CT), inverted light microscopy, and confocal laser scanning microscopy. Micro
CT would have provided a 3D view of the scaffold microstructure as well as cell
location; however, the resolution was not fine enough to visualize pores within the
hydrogel scaffold. Therefore, efforts were focused on other imaging options.
The first objective was to determine the best method for freeze mounting the
hydrated scaffolds. Four different mounting and freezing methods were performed in
order to discover the best scaffold preservation technique. In the first method the sample
was placed into a Cryomold (Tissue Tek, 10 mm x 10 mm x 5 mm), wrapped in foil, and
frozen at – 80 °C. The second method mounted the sample in the mold using Tissue-Tek
Cryo-Optimum Cutting Temperature Compound (OCT) and then frozen at – 80 °C. The
third method mounted the sample in the mold using OCT and then flash-froze it using
liquid nitrogen. The fourth method mounted the sample in the mold using OCT, briefly
submerged it in 2-methylbutane to prevent crack formation, and then frozen with liquid
nitrogen. The molds made by each method were then sliced in the cryomicrotome set to –
20 °C and slices of 10 microns thickness. Each slice was placed onto a rectangular glass
slide and warmed to room temperature prior to imaging. From the cryomicrotome aspect,
the first and third methods were rejected due to poor sample slicing (#1) and crack
formation within the square mold (#3).
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The slides were first viewed using an Olympus IX70 Inverted Light Microscope
at 4x and 10x magnification. Images of each preparation method were obtained (Figure
44) but porous microstructure could be accurately visualized. Then each slide was gently
rinsed with distilled water to remove the OCT. A few drops of aquapolymount were
applied to each slide and the samples were covered with a coverslip. Attempts at imaging
the PVA hydrogel scaffolds on the Zeiss LSM 510 confocal microscope were
unsuccessful due to lack of staining and/or fluorescent labeling. Therefore, an
investigation into fluorescent labeling of the PVA hydrogel scaffolds was conducted.
A)

B)

C)

D)

Figure 44: Inverted light microscopy images at 4X comparing the different methods of sample
mounting and freezing. A) – 80 °C only. B) OCT + - 80 °C. C) OCT + liquid nitrogen. D) OCT + 2methylbutane + liquid nitrogen. All samples are 6% PVA MW 145 kg/mol 8 F/T from IW plates.
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Fluorescein isothiocyanate (FITC) was chosen as the fluorescent label as it
quickly binds to the PVA network and unreacted dye could be rinsed out. FITC has
successfully been used in the past to investigate the permeability and structure of PVA
cryogels (Bodugoz-Senturk et al., 2009; Fergg et al., 2001; Hassan and Peppas, 2000a).
Furthermore, its green emission was advantageous for future cell work in which other
colors would be emitted from stains for cell health and differentiation. Two initial
concentrations of FITC solution, 0.01% and 0.05% FITC in DI water resulted in bright
specimens and thus concentrations were cut back to 0.005% FITC solution. Samples were
soaked for 1 hour in the FITC solution then mounted in the cryomolds using OCT. The
filled mold was wrapped in tin foil, labeled, and frozen at – 80 °C overnight. Slices were
obtained using the cryomicrotome at - 20°C and 10 micron thickness and transferred to
glass slides. During optimization of the FITC protocol and cryomicrotome preparation,
slides were viewed using the inverted light microscope. Representative images of PVA
scaffolds manufactured using the PDMS plate can be seen in Figure 45 and Figure 46.

500 µm

50 µm

Figure 45: Inverted light microscopy images of a 4% PVA MW 95 kg/mol 4 F/T at 4x (left) and 10x
(right). Sample was labeled with FITC, mounted in OCT, frozen at – 80 °C, and sliced to 10 microns.
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500 µm

Figure 46: Porous network of 4% PVA MW 145 kg/mol 8 F/T as seen on the inverted light
microscope at 4X. Sample was labeled with FITC, mounted in OCT, frozen at – 80 °C, and sliced to
10 microns.

Once the FITC protocol was determined, labeled PVA scaffolds were also
visualized under the confocal microscope. Slides were prepared using aquapolymount
and a coverslip. The samples were viewed under the 20x objective using air immersion.
The collection bandpath was 505 – 530 nm with FITC activation occurring at 488 nm.
Transmission light power for the laser was 4.9%, the frame size was 1024, scan speed
was 6, and data depth was 12 bit. These parameters influence the overall scanning of the
sample, with better resolution achieved by a larger frame size and decreased scan speed.
Optical zoom was between 1 and 2.63 based on the chosen objective and frame size. The
pinhole was set to 1.0 air unit and for the 488 nm activation wavelength the optical slice
was determined to be 1.7 µm. Optimization of the confocal laser imaging needs to be
conducted, although initial images can be seen in Figure 47. Some macrostructure is
visible although excess unattached FITC is still present. Therefore, it is recommended
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that future FITC labeling of PVA scaffolds contain two to three rinses to remove
unreacted dye (Bodugoz-Senturk et al., 2009).

50

µm

50

µm

Figure 47: Confocal laser scanning microscopy images at 20X of 4% PVA MW 95 kg/mol 4 F/T (left)
and 10% PVA MW 95 kg/mol 4 F/T (right). PVA scaffolds were labeled with FITC, mounted in
OCT, frozen at – 80 °C, and sliced to 10 microns.

5.3. Cell Culture Upstream
In order to assess the effects of mechanical cues on human MSC
mechanotransduction, protocols needed to be developed for upstream cell culture that
would lead to healthy and efficient expansion. Prior to cell culture beginning, a clean
environment was prepared by sterilizing the biosafety cabinet, running a 90 °C
decontamination cycle in the incubator, and re-filling the water bath. Thereafter, a sterile
environment was maintained within the biosafety cabinet with special attention paid to
cell culture flasks and standard MSC growth medium.
Two vials of primary human MSCs passage 1 were isolated from the same patient
(d6072) and obtained from Dr. Jeffrey Spees (College of Medicine, UVM). Cells were
transported using dry ice and stored overnight at – 80 °C. Fresh sterile media was made

91

and filtered consisting of alpha MEM media, 20% unscreened FBS, and 1% pen-strep.
The FBS concentration was increased from the initial cell studies conducted in Chapter 4
by recommendation of the Spees laboratory (section 4.2.4, page 52). Cell vials were
almost fully thawed in 37 °C water bath and then were each transferred into a sterile T 75
flask (surface area of 75 cm2) with an additional 11 mL of sterile standard growth
medium. Flasks were gently rocked and then placed in the incubator at 37 °C and 5%
CO2. Half of the media was changed every 48 hours and cells were examined daily using
a phase contrast microscope. Twenty-four hours after seeding attached cells appeared
healthy in both flasks (Figure 48 A). Three days later cells had reached 75% confluency
(Figure 48 B) and were passaged as previously in a subculture ratio of 1:5, for a total of
10 flasks. Within 12 hours, good adhesion was noted with distance between cells (Figure
48 C). Media was changed every 48 hours and passage 2 confluency was reached after 3
days. Subculture was performed at a 1:3 ratio, for a total of thirty T 75 flasks. During the
passaging process, a cell count of 14 million cells was obtained by using a
hemacytometer and Trypan Blue. Cells continued to grow healthily during passage 3
culture (Figure 48 D).
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A

B

C

D

Figure 48:: Primary human MSCs in varying stages of upstream cell culture. A) Passage 1, day 1. B)
Passage 1, day 4. C) Passage 2, day 1. D) Passage 3, day 3.

After 5 days the passage 3 cells reached 85% confluency. Due to logistical space,
cells were detached from flasks using Trypsin EDTA, rinsed with media, and then
combined in a centrifuge tube. Cells were concentrated by centrifuging for 10 minutes at
1500 rpm at 25 °C. The cell pellet was suspended in MSC freezing medium
m
(47 mL
αMEM with 2 mM L-glutamine,
glutamine, 43 mL FBS, and 110
0 mL dimethyl sulfoxide)
sulfoxide to achieve
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an approximate density of 106 cells per mL. One mL of cell suspension was pipetted into
each Cryo-vial, which was then placed into a room temperature Cryo-freezing container.
The container was stored overnight in a - 80°C freezer in order to attain an optimal
freezing rate of - 1°C per minute. In the morning the tubes were transferred from the
Cryo-freezing container to a liquid nitrogen dewar for long-term storage.
To satisfy the objective of efficient upstream cell culture, multi-layered flasks
were obtained and protocols were developed for successful cell thawing. Multi-layered
flasks have many advantages compared to standard T 75 flasks such as increased surface
area, reduced risk of contamination, a built-in mixing port, and improved ease of use.
Each layer of the multi-layered flask is 175 cm2 as opposed to the 75 cm2 of the flasks
previously used (Figure 49). As a result, a 3-layer Falcon flask has a total surface area of
525 cm2, equivalent to seven T 75 flasks, while a 5-layer Falcon flask with a total surface
area of 875 cm2 can almost replace twelve T 75 flasks. Thus, it was advantageous to
implement the multi-layered flasks as part of the upstream cell culture process.

Figure 49: Comparison of options for cell culture. Top: T 75 flask with a surface area of 75 cm2.
Bottom: 3-layered Falcon flask, each layer with a surface area of 175 cm2.
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As part of the cell culture improvement, media preparation was converted to
powder form to allow for autoclaving. One packet of MP alpha modification of Eagle’s
medium with L-Glutamine and Earle’s salts without ribosides, deoxyribosides and
sodium bicarbonate was mixed with 1 L of distilled and deionized water prior to being
autoclaved for 30 minutes. All other empty media bottles needed were autoclaved and
then exposed to ultraviolet light for at least 6 hours to dry. Standard cell growth medium
was made and vacuum filtered to contain alpha MEM, 20% FBS (Atlanta Biologicals)
and either 1% or 3% pen-strep. Prepared media was then stored at 4 °C until needed.
A protocol was developed to adequately rinse the cryo-preserved passage 4 cells
and to seed them in the multi-layer flask. Standard cell growth medium containing 3%
pen-strep was pre-warmed in the 37 °C water bath. Cell vials were kept in liquid nitrogen
(~ 200 °C) until being thawed in the water bath. Vial contents were transferred to a 15
mL centrifuge tube at which point 10 mL of the pre-warmed 3% pen-strep growth
medium was slowly added to the tube. Cells were gently suspended using a pipet and
then allowed to sit for 5 minutes to acclimate. The suspended cells were centrifuged at
200 g for 10 minutes in order to rinse off the freezing medium (a standard rinse cycle
recommended by Thermo Fisher Scientific). The supernatant was aspirated and then 10
mL of pre-warmed media was used to re-suspend the cells. A second spin cycle was
conducted at 200 g for 7 minutes to ensure cells were clean. The supernatant was
aspirated and the cell pellet was re-suspended in 7 mL of media. Due to the delicate
nature of the cells and the two spin cycles, a cell count was conducted only after seeding
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a T 75 flask and a three layer Falcon flask with the proportionate amount of cells and 0.2
mL media per cm2 (media was standard MSC growth medium with 3% pen-strep).

Auto-equilibration of fluid volume
Entry wall

Mixing port

Neck for gas
exchange

Figure 50: Falcon 3-layered flask has a total surface area of 525 square cm and a mixing port to
allow media to equalize between layers.

The main difference between the T 75 flask and the 3-layer Falcon flask is the
distribution of cells and media over the culture surface. In the T 75 flask, 1 mL of cell
suspension is placed into about 10 mL of growth medium and the flask is rocked gently
back and forth to cover the surface area. In the 3-layer flask though, the appropriate
amount of growth medium (0.2 mL per cm2 – 0.4 mL per cm2 per Corning guidelines) is
pipetted into the flask against the sloped entry wall just beneath the logo. Then with the
flask in a vertical position, the cell suspension is inoculated into the growth medium. The
entry wall and the mixing port allow for even mixing of cell suspension and medium
(Figure 50). Once capping the vessel, the cells are mixed with the media by tilting the
flask at a vertical 45° angle and pivoting the vessel on the mix port corner. Once mixing
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is achieved, the flask is placed vertically to equilibrate the layers. The Falcon flask is
carried vertically to the incubator, and with the logo pointed outwards, the flask is tilted
clockwise so that the media is away from the mix port. The flask is gently rotated
horizontally as it is being placed on the shelf, resulting in equal volume distribution
between each layer. Media and cells are spread over each layer by gently moving the
flask left and right. The three-layer Falcon flask provides more efficient mixing of cells
with media in addition to reducing the amount of time and labor required to seed cells in
a vessel.
The cell-seeded flasks were incubated at 37 °C and 5% CO2. After 24 hours all of
the media was changed to sterile standard growth medium with 20% FBS and 1% penstrep. Cells were visualized and no signs of contamination were noted although there
were floating dead cells. Thereafter, media was changed every other day. After seven
days, minimal cell spreading was noticed suggesting that either the seeding density was
too low or that the cells did not respond well to the new alpha MEM medium. Therefore,
in future experiments the cell count should be obtained prior to seeding of the multi-layer
flask in order to ensure an adequate cell seeding density of 4,000 – 5,000 cells per cm2
for each 175 cm2 layer of the multi-flask. To determine the amount of cell suspension
required, the following formula can be used:
 >?5  ; aa> U 5 ;AS   5<c 7 85 8 ?= ;AS 
 A> g5<A ; aa >t>U =>?<=
; aa>
785. >  ; aa>  A 
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While the cells culturing in the multi-layer flask did not reach confluence, two
main objectives were satisfied: a protocol was developed to thaw cryopreserved cells and
more efficient technology / techniques were introduced. When cells are to be harvested
from future use of Falcon flasks, 6-9 mL per layer of Trypsin EDTA dissociation reagent
should be used with equal volumes of media after the 10 minute incubation procedure.
The rest of the sub-culturing protocol should be conducted as before with the T 75 flasks.
The Falcon flasks provide the capability for the tissue culture lab to conduct upstream
cell culture in preparation for high cell seeding density experiments and/or longer-term
cell-seeded scaffold mechanical loading experiments.

5.4. Conclusions
Progress was made towards the lean manufacturing of PVA scaffolds by
designing and implementing a new well plate made from PDMS. A protocol for the
rheometer was developed to allow for shear testing of hydrogel scaffolds subsequent to
unconfined compression in the form of a time sweep and a frequency sweep. A
MATLAB code was written to analyze the exported rheometer file and to calculate the
Young’s elastic modulus, the absolute shear modulus at convergence, and tan delta. New
imaging techniques were investigated and scaffold porosity was confirmed. Upscale of
human MSCs to passage 4 was conducted and more efficient technology and techniques
were introduced.
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CHAPTER 6: DYNAMIC COMPRESSION MACHINE
DESIGN
6.1. Introduction
A main component of physiological mechanotransduction is providing external
mechanical stimulation for an extended period of time with the capacity to influence cell
differentiation and tissue production. In order to conduct long-term dynamic compressive
loading experiments simultaneously on a large number of cell-seeded scaffolds, a
machine was designed to achieve physiological loading under cell culture conditions.

6.2. Design Parameters
An external mechanical engineer utilized the literature review and initial studies
findings presented in this work to design a dynamic compression machine for the purpose
of investigating mechanotransduction pathways and osteochondral differentiation of
human MSCs. Multiple design parameters were provided that influenced the choice of
actuator, sample tray design, and load cell design (see Appendix C.2 Specifications for
Machine, page 148). The range of scaffold / tissue elastic modulus to be tested was 1 kPa
– 10 MPa to be tested in uniaxial, unconfined dynamic compression. The machine had to
be able to impose 10-20% axial strain in a sinusoidal fashion at a frequency between 0.25
Hz and 4 Hz with a displacement controlled accuracy of 10 µm. As shown below, this
required the actuator to be able to impose between 0 and 150 N of force, taking into
account a factor of safety of 3 to ensure no deformation or fatigue of parts occurs.
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The machine was required to be able to carry out dynamic compression for up to
four hours continuously with frequent data acquisition. Due to the desired range of
material modulus to be tested with the potential for bone ECM to be laid down by cells,
the load cells had to have a large capacity without sacrificing resolution. Since the
loading is axial strain controlled and not normal force dependent, the load cell design was
chosen to be a three-way cantilever as opposed to a pancake. This allowed for each load
cell to have a capacity of 0.06 – 500 N with a resolution of 0.0015%. The three load cells
would be secured to the base plate to form a symmetrical cantilever.
The load cell design had implications on the sample tray design for the number of
samples in the sample holder tray at any time must be distributed equally. Consequently,
multiple circular sample trays were designed to hold symmetrical numbers of samples as
dictated by potential sample group sizes. Each well was designed to be 8 mm in diameter
and 8 mm in depth so as to contain a 6 mm diameter by 3 mm tall sample with room for
individual plungers (Figure 51). The sample tray holder was made from anodized
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aluminum and the plungers were made with delrin plastic so as to be able to be
autoclaved and prevent corrosion.

Figure 51: Each well in the sample holder tray has its own plunger. Wells and plungers are
symmetrically arranged to the tri-cantilever load cell design.

Due to the nature of cell-seeded scaffolds, the machine was designed to be housed
in an incubator maintained at 37 °C and 5% CO2 (Figure 52). Thus, electrical features
such as power supply, motor controller, and instrumentation conditioners will be stored
outside of the incubator in a control box. The cables will be run through the door seal and
out through the exterior door where they will attach to a laptop computer. LabView
software will be utilized to control the loading protocol with input for the number of
samples, diameter of samples, percent axial strain, sample height, frequency / cycle rate,
and length of test. While a test is running, the following will be seen: elapsed time,
displacement, strain displacement, and graphs of load and displacement versus time.
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Figure 52:: Dimensions of the incubator in which the dynamic compression machine will be housed.
Cell culture conditions of 37 °C and 5% C
CO2 will be maintained.

6.2.1. Machine Calibration and Troubleshooting
Once all parts were ordered and assembled together (Figure
Figure 53), neat PVA
scaffolds made from ice water plates were used to calibrate the load cells and for
LabView configurations. Scaffolds of varying stiffness were hydrated in distilled and
deionized water and were provided from the following groups: 6% PVA MW 95 kg/mol
4 F/T, 6% PVA MW 145 kg/mol 4 F/T, 6% PVA MW 145 kg/mol 5 F/T, and 10% PVA
MW 95 kg/mol 4 F/T. Initial testing of the machine was conducted at 1 Hz for 5 minutes
progressively increasing to 60 minutes. In the initial testing phase it became clear that
design modifications were necessary in order to prevent horizontal displacement of the
plunger tray and ensure
sure plunger retraction in the relax phase of the sinusoidal strain. It
was recommended
ded that the plunger tray be attached to the actuator to solve the horizontal
translation problem as well as ensuring recoil. Furthermore, a central setscrew was
proposed to ensure vertical alignment between the plungers and the sample tray.
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Figure 53:: Dynamic compression machine design. Left: Solidworks rendition (by KO). Right: Fully
assembled (by KO) and operating machine. Of interest are the tri-cantilever
cantilever load cell design and
sample tray with individual plungers attached tto
o the actuator.

Upon completion of the calibration of the dynamic compressive loading machine,
cell-seeded
seeded scaffolds will be made using the manufacturing and upstream cell culture
protocols described in previous sections. Dynamic loading experiments, imaging
i
techniques, and differentiation assays have been developed and will be implemented
upon machine delivery.

6.3. Loading Protocol Development
Protocols for long
long-term dynamic
amic loading on this machine were developed to
mimic clinical physical therapy following surgical treatment for an osteochondral defect.
The overall goal is to couple the effects of varying mechanical properties of the hydrogel
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scaffold with the applied mechanical loading in order to guide human MSC
differentiation towards the anatomically desired osteochondral tissue. Ideally these
experiments will concur with the findings by Thorpe et al. that the application of
mechanical stimulation can overcome the usual tendency of cells to not adhere well to a
hydrophilic substrate (Thorpe et al., 2012). As a result, scaffolds with lower (1 – 10 kPa)
and higher (> 35 kPa) compressive elastic moduli should be subjected to the same
loading protocol, in hopes that one loading regime produces cartilage tissue on the softer
scaffold and bone matrix on the stiffer scaffold. PVA cryogel scaffolds will be
manufactured using the PDMS plate with ice water thawing, disinfected, and then seeded
with approximately 1.0 x 106 human MSCs per mL of standard cell growth medium
supplemented with 20% FBS and 1% pen-strep. Samples must be symmetrically placed
within the machine’s sample holder tray due to the tri-cantilever load cell design. The
cell-seeded scaffolds will be allowed to incubate for 24 hours at 37 °C and 5% CO2 to
allow for cell migration and acclimation.
The length of the dynamic loading experiment will determine the number of
samples necessary to achieve 80% statistical power. For a softer scaffold with an elastic
compressive modulus around 2 kPa ± 1 kPa, 5 samples will be needed per time point to
ensure 80% power of detecting a true increase in modulus from 2 to 4 kPa. For the stiffer
scaffolds starting at 20 kPa ± 4 kPa and ending around 30 kPa, 4 samples would be
needed. The cell-seeded scaffolds are expected to increase in elastic and shear modulus
throughout the long-term dynamic loading due to synergistic effects of the scaffold
stiffness and the applied mechanical load (Gupta et al., 2011; Haasper et al., 2009; A. H.
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Huang et al., 2010a; R. Li, 2007; Stok et al., 2009). The cells will sense the mechanical
cues and respond by activating mechanotransduction pathways, hopefully towards a
chondrogenic or osteogenic lineage (H. S. Lee et al., 2000). Furthermore, the modulus
will increase as cells produce and lay down their own ECM proteins such as collagen-I,
collagen-II, and sulfated GAGs. The key to achieving good statistical power is
minimizing the initial variability in scaffold stiffness because it will reduce the possibility
that the results are due to chance. After the first long-term dynamic loading experiment is
completed, the power analysis should be recalculated using the collected data to
determine the statistical power more accurately.
The proposed dynamic loading protocols can be split into three groups. The first
compares alternate versus consecutive day loading. The second compares loading regime
in terms of length and frequency. The third is four weeks in length and compares the
effect of scaffold stiffness on human MSC differentiation. In each study only one variable
is being investigated, with all others being held constant. Table 5 outlines the details of
each protocol. In all studies the cells are seeded at a density of 1.0 x 106 cells per mL and
the cell-seeded scaffolds are allowed to pre-culture for 24 hours, the ordinary frequency
is 1 Hz, and 15% unconfined compression is imposed. The soft scaffold will be made
from 4% PVA MW 145 kg/mol 4 F/T while the stiff scaffold will be manufactured from
the 10% PVA MW 95 kg/mol 4 F/T.
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Table 5: Parameters being investigated in proposed dynamic loading protocols for MSC seeded PVA
cryogel scaffolds utilizing the custom dynamic loading machine. Subsequent protocols will use the
optimal parameter determined in the previous protocols. The sample size, n, is determined by a
power analysis achieving 80% statistical power.

Protocol Compare
1
Loading
day
2
Loading
regime
3
Scaffold
stiffness

Options
A: alternate day
B: consecutive day
A: 2 h/d, 2x/d
B: 4 h/d, 1x/d
A: soft scaffold
B: stiff scaffold

Length
7 days

N
7

10 days

7

28 days

8

Total Materials
42 scaffolds,
12.6 x 106 cells
56 scaffolds,
16.8 x 106 cells
96 scaffolds,
28.8 x 106 cells

The first protocol compares alternate versus consecutive day loading in order to
investigate if the amount of rest between loading cycles enhances cell survival and
migration. There is evidence to support alternate day loading as more beneficial to cellseeded scaffolds (Kisiday et al., 2009). In this experiment, 21 stiff scaffolds and 6.3 x 106
cells will be needed per study, for a total of 42 stiff scaffolds and 12.6 x 106 cells.
Dynamic compressive loading will be conducted at 4 hours per day, once daily for 7
days. Samples will be removed on days 1, 4, and 7 of culture while ensuring the sample
tray still remains symmetrically loaded. Bovine serum albumin (BSA) assay will be
conducted on 3 of the 7 samples at each time point to quantify overall protein content,
which is reflective of cell proliferation activity. The remaining 4 samples will be prepared
for confocal laser scanning microscopy with two samples being fluorescently labeled
with 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) and two with live/dead
stain. The DAPI stains cell nuclei and thus, can be used to investigate cell migration.
After attaching the fluorescent label, cell-seeded scaffolds will be mounted in OCT,
frozen at – 80 °C, sectioned using the cryomicrotome, and prepared on a glass slide using
aquapolymount and a coverslip. Analysis of the results should be conducted at the
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conclusion of these two studies in order to determine the optimal loading day in terms of
cell survival, migration, and increases in elastic modulus.
The second protocol investigates the loading regime by comparing the effects of
concentrating or distributing the load throughout the day. As in the first protocol, stiff
scaffolds would be cultured with cells at a density of 1.0 x 106 cells per mL using an n of
7. Dynamic loading would be conducted in accordance with the results of the first
protocol for either 4 hours once daily or 2 hours twice daily (with at least 4 hours of rest
in between loading sessions) for a total of 10 days. Samples would be removed on days 1,
4, 7, and 10. Therefore, each study requires 28 stiff scaffolds and 8.4 x 106 cells, for a
total of 56 stiff scaffolds and 16.8 x 106 cells. As before, four samples would undergo the
BSA assay, 2 samples would be stained for DAPI, and 2 samples would be stained for
live/dead. Post-experiment analysis would determine the optimal loading regime in terms
of cell survival, migration, and improvement in mechanical properties.
The culminating protocol examines the effect of scaffold stiffness on cell
differentiation in conjunction with the previously optimized dynamic loading regimes. In
order to examine potential human MSC differentiation and activation of osteochondral
mechanotransduction pathways, the study protocol would last four weeks. For an in vivo
compressive loading of bone, it takes about 3-5 days for new collagen and mineral
apposition to be seen on the bone surface (Duncan and turner, 1995). Thus, a longer study
is warranted to capture full differentiation of cells towards either a chondrogenic or
osteogenic lineage. Three culture groups will be formed in this study: soft loaded
scaffolds, stiff loaded scaffolds, and stiff unloaded free-swelling scaffolds. Each group
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will consist of 32 scaffolds, for a total of 32 soft scaffolds and 64 stiff scaffolds and 28.8
x 106 cells. The sample group size will be increased to 8 to allow for more assays and
stains to be conducted. Four samples will be used for BSA, alkaline phosphatase (ALP),
and 1,9-dimethyl methylene blue (DMMB) assays. The ALP assay will identify the
presence of ALP within the cell, which is indicative of bone being made. The DMMB
assay identifies sulfated GAGs that are bound to the DMMB dye, indicating GAG
production. The other four samples will be imaged using the confocal microscope with
labels for DAPI/GAG/Calcium, immunohistochemistry (IHC) collagen-I, and IHC
collagen-II. Elevated DMMB, strong GAG and collagen-II staining would identify
chondrogenic differentiation while elevated ALP activity, strong calcium, and collagen-I
staining would indicate osteogenic differentiation. Analysis of the mechanical and
biochemical data will either support or refute the governing hypothesis that scaffold
stiffness in conjunction with external mechanical stimulation can influence human MSC
differentiation towards a desired lineage without the use of inductive MSC growth
medium.
Future dynamic loading protocols could investigate the effect of varying the cell
seeding density, the scaffold material, and other lengths of applied loading. Additional
assays could be conducted either in these or future protocols to examine activity of other
genes such as aggrecan (a cartilage specific proteoglycan), core binding factor alpha 1
(Cβfα-1, an essential transcription factor for osteogenesis), or prostaglandin E2 (released
by bone in organ culture after mechanical loading) (Angele et al., 2004; Chen et al.,
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2010; Duncan and turner, 1995; Kearney et al., 2010; Qi et al., 2009; Steinmetz and
Bryant, 2011).

6.4. Conclusions
The biggest step forward in the investigation regarding mechanotransduction of
human MSCs was designing a dynamic compressive loading machine that can test up to
36 samples simultaneously at physiological loading and environmental conditions.
Dynamic loading protocols were created for future implementation on the machine and
plans were outlined for determining the effects of scaffold stiffness and mechanical
stimulation on human MSC differentiation lineage.
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CHAPTER 7: CONCLUSIONS
7.1. Summary of Work
The mechanically dynamic in vivo environment of orthopaedic tissues requires
further understanding of the mechanotransduction mechanisms active in orthopaedic
tissue homeostasis, repair, and regeneration in order to design tissue engineering
regenerative medicine schemes. PVA was investigated as a potential acellular
osteochondral scaffold implant due to its biocompatibility and the ability to control its
mechanical properties. Additionally, the use of mechanical cues such as scaffold stiffness
and external compressive stimuli to trigger mechanotransduction pathways and thereby
guide human MSC behavior were investigated.
PVA cryogel scaffolds were fabricated with a range of compressive moduli by
varying molecular weight, solution concentration, and F/T cycles. Short-term dynamic
loading of human MSC-seeded PVA scaffolds resulted in an increase in cell viability and
collagen production for loaded versus static samples over 7 days of culture. Through a
simple dynamic compressive loading sequence MSC viability and matrix protein
production may increase on synthetic, bioinert PVA scaffolds.
Special consideration was given to preparing for longer-term dynamic loading of
human MSC-seeded PVA scaffolds in terms of PVA manufacturing and characterization,
upstream cell culture, and loading protocols for a custom built dynamic compression
loading machine. A new PDMS plate reduced imprecision as well as made progress
towards lean manufacturing of PVA scaffolds. Further mechanical characterization of
scaffolds was conducted via shear testing and indirect stress relaxation. New protocols
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were developed to allow for the efficient and optimal upscale of cell culture. Lastly,
parameters and consultation were provided for the design of a custom dynamic loading
machine as well as the development of protocols for long term dynamic loading.
The unique elements in the thesis presented here within are the use of noninductive differentiation cell culture medium, a scaffold made from a bioinert and nonbioactive substance, and the investigation into the synergistic effects of scaffold stiffness
and external mechanical stimulation. Taken together, this work has the potential to
improve the treatment options available for patients who suffer from osteochondral
injuries and diseases by providing an avenue to regenerate native bone and tissue.

7.2. Future Directions
The simplest extension to this work would be a more thorough investigation into
the interplay between the elastic modulus, shear modulus, and porosity. This could be
achieved through confocal imaging, permeability tests, or confined compression tests.
However, the most important future direction is execution of the long term dynamic
loading protocols on the custom machine in order to determine if the provided
mechanical cues are able to control the differentiation lineage of human MSCs. This
would include confocal imaging of cell-seeded scaffolds with fluorescent staining for cell
nuclei and specific tissue types. The data collected from these extended loading protocols
could be compared to a developed continuum mechanics model such as the KLM
biphasic theory for articular cartilage or a biphasic viscoelastic model in order to compare
the viscoelastic behavior of the scaffold implant to that of native tissue (S.-Y. Lee et al.,
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2009; Mow et al., 1980). The modeling approach would provide important feedback as to
the potential in vivo behavior of the implant as well as the ability to gain insight into
ways to improve the scaffold’s mechanical properties.
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APPENDIX A: MATLAB CODE
A.1 Unconfined Compression Of 3 Samples On Rheometer
% PURPOSE: To import data from a text files exported from the rheometer
% data analysis software after performing an unconfined compression (flow
% squeeze & pull) test on a 6 or 8 mm hydrogel.
% The program will manually calculate normal stress, percent strain, and
% modulus. While compressive strain technically produces a negative strain,
% this code has already distributed a negative sign into the calculation
% for strain in order to display and report positive compressive strains,
% thereby keeping with current reporting style.
% Furthermore, linear regression will be performed, plotted, and
% an equation generated producing the overall modulus of the linear fit.
% This specific code is designed for statistical significance testing (n =
% 3) of the same sample type. Thus, an average modulus and standard deviation
% will be generated from the 3 samples tested.
% ****Figure titles and legends are default set to 20% unconfined compression
deformation
clear all
close all

%% ADJUST TEXT FILES TO IMPORT & INITIAL SAMPLE HEIGHT
% Import txt files from Universal Analysis
% Must copy and paste the three separate file names in; code currently
% written for 6 mm diameter hydrogels
flow = importdata('20131105 6% 89-98PVA 8FT H 4MEK-0411f exp.txt','\t',166);
model_ti = '20131105 6% PVA MW147 8FT-4';
gap_inA = 3000; % Initial sample height (does not include holder height)
def_1 = 20; % Percent deformation of all three samples
str_ti = [model_ti, ' Stress v Strain for ', num2str(def_1), ' percent deformation'];
flow_2 = importdata('20131105 6% 89-98PVA 8FT H 5MEK-0412f exp.txt','\t',166);
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model_ti2 = '20131105 6% PVA MW147 8FT-5';
gap_inB = 3000;
flow_3 = importdata('20131105 6% 89-98PVA 8FT H 6MEK-0413f exp.txt','\t',166);
model_ti3 = '20131105 6% PVA MW147 8FT-6';
gap_inC = 3000;

%% ANALYZE 20% DEFORMATION OF SAMPLE #1
% Create new variables in the base workspace from those fields.
vars = fieldnames(flow);
for i = 1:length(vars)
assignin('base', vars{i}, flow.(vars{i}));
end
% Create matrices for each variable
gap = data(40:end,1);
norm_force_N = data(40:end,2);
norm_force_Pa = data(40:end,3);
strain = data(40:end,4);
per_strain = data(40:end,5);
time_min = data(40:end,6);
time_sec = data(40:end,7);
%% Calculating stress, strain, and modulus
d = 6; % Diameter of samples in mm
r = (d*10^-3)/2; % Radius of samples in m
area = pi*r^2; % Cross sectional area of samples in m
c = 1;
for j = 1:length(gap)
Stress_kPa(c) = (norm_force_N(c)./area).*10^-3;
Strain(c) = ((gap_inA - (gap(c) - 3000))/gap_inA);
E_kPa(c) = Stress_kPa(c)./Strain(c);
c = c + 1;
end
plot(Strain,Stress_kPa,'o');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title(str_ti,'fontsize',12);
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hold on
Y = Stress_kPa';
X = Strain';
%% Perform linear regression to fit a linear model to data & calculate E
p = polyfit(X,Y,1); %Fitting a linear line to the data
Yfit = polyval(p,X); %Use p to predict Y
Yresid = Y - Yfit; % Find residual values
SSresid = sum(Yresid.^2); % Get residual sum of squares
SStotal = (length(Y) - 1)*var(Y); % Total sum of squares
modulus = p(1); % Modulus is the slope of the linear polynomial fit
rsq = 1 - SSresid/SStotal; % Computer R squared
plot(X,Yfit,'color','red');
legend('Collected data points','Linear Fit');
hleg = legend('Location','SouthEast');
sample_ptsA = length(data);
model = 'Linear regression of 20% compression with ';
str = [model, num2str(sample_ptsA), ' sample points, produced a modulus = ',
num2str(modulus),...
' kPa and R^2 = ', num2str(rsq), ' for ', num2str(model_ti)];
disp(str)

%% ANALYZE 20% DEFORMATION OF SAMPLE #2
% Imported txt file from Universal Analysis (above)
def_2 = 20;
str_ti2 = [model_ti2, ' Stress v Strain for ', num2str(def_2), ' percent deformation'];
% Create new variables in the base workspace from those fields.
vars_2 = fieldnames(flow_2);
for i = 1:length(vars_2)
assignin('base', vars_2{i}, flow_2.(vars_2{i}));
end
% Create matrices for each variable
gap_2 = data(40:end,1);
norm_force_2_N = data(40:end,2);
125

norm_force_2_Pa = data(40:end,3);
strain_2 = data(40:end,4);
per_strain_2 = data(40:end,5);
time_2_min = data(40:end,6);
time_2_sec = data(40:end,7);
%% Calculating stress, strain, and modulus
d_2 = 6; % Diameter of samples in mm
r_2 = (d_2*10^-3)/2; % Radius of samples in m
area_2 = pi*r_2^2; % Cross sectional area of samples in m
c_2 = 1;
for g = 1:length(gap_2)
Stress_2_kPa(c_2) = (norm_force_2_N(c_2)./area_2).*10^-3;
Strain_2(c_2) = ((gap_inB - (gap_2(c_2) - 3000))/gap_inB);
E_2_kPa(c_2) = Stress_2_kPa(c_2)./Strain_2(c_2);
c_2 = c_2 + 1;
end
figure
plot(Strain_2,Stress_2_kPa,'o');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title(str_ti2,'fontsize',14);
hold on
Y_2 = Stress_2_kPa';
X_2 = Strain_2';
%% Perform linear regression to fit a linear model to data & calculate E
p_2 = polyfit(X_2,Y_2,1); %Fitting a linear line to the data
Yfit_2 = polyval(p_2,X_2); %Use p to predict Y
Yresid_2 = Y_2 - Yfit_2; % Find residual values
SSresid_2 = sum(Yresid_2.^2); % Get residual sum of squares
SStotal_2 = (length(Y_2) - 1)*var(Y_2); % Total sum of squares
modulus_2 = p_2(1); % Modulus is the slope of the linear polynomial fit
rsq_2 = 1 - SSresid_2/SStotal_2; % Computer R squared
plot(X_2,Yfit_2,'color','red');
legend('Collected data points','Linear Fit');
hleg = legend('Location','SouthEast');
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sample_ptsB = length(data);
model_2 = 'Linear regression of 20% compression with ';
str_2 = [model_2, num2str(sample_ptsB), ' sample points, produced a modulus = ',
num2str(modulus_2),...
' kPa and R^2 = ', num2str(rsq_2), ' for ', num2str(model_ti2)];
disp(str_2)

%% TO ANALYZE 20% DEFORMATION OF SAMPLE #3
def_3 = 20;
str_ti3 = [model_ti3, ' Stress v Strain for ', num2str(def_3), ' percent deformation'];
% Create new variables in the base workspace from those fields.
vars_3 = fieldnames(flow_3);
for i = 1:length(vars_3)
assignin('base', vars_3{i}, flow_3.(vars_3{i}));
end
% Create matrices for each variable
gap_3 = data(40:end,1);
norm_force_3_N = data(40:end,2);
norm_force_3_Pa = data(40:end,3);
strain_3 = data(40:end,4);
per_strain_3 = data(40:end,5);
time_3_min = data(40:end,6);
time_3_sec = data(40:end,7);
%% Calculating stress, strain, and modulus
d_3 = 6; % Diameter of samples in mm
r_3 = (d_3*10^-3)/2; % Radius of samples in m
area_3 = pi*r_3^2; % Cross sectional area of samples in m
c_3 = 1;
for h = 1:length(gap_3)
Stress_3_kPa(c_3) = (norm_force_3_N(c_3)./area_3).*10^-3;
Strain_3(c_3) = ((gap_inC - (gap_3(c_3) - 3000))/gap_inC);
E_3_kPa(c_3) = Stress_3_kPa(c_3)./Strain_3(c_3);
c_3 = c_3 + 1;
end

127

figure
plot(Strain_3,Stress_3_kPa,'o');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title(str_ti3,'fontsize',14);
hold on
Y_3 = Stress_3_kPa';
X_3 = Strain_3';
%% Perform linear regression to fit a linear model to data & calculate E
p_3 = polyfit(X_3,Y_3,1); %Fitting a linear line to the data
Yfit_3 = polyval(p_3,X_3); %Use p to predict Y
Yresid_3 = Y_3 - Yfit_3; % Find residual values
SSresid_3 = sum(Yresid_3.^2); % Get residual sum of squares
SStotal_3 = (length(Y_3) - 1)*var(Y_3); % Total sum of squares
modulus_3 = p_3(1); % Modulus is the slope of the linear polynomial fit
rsq_3 = 1 - SSresid_3/SStotal_3; % Computer R squared
plot(X_3,Yfit_3,'color','red');
legend('Collected data points','Linear Fit');
hleg = legend('Location','SouthEast');
sample_ptsC = length(data);
model_3 = 'Linear regression of 20% compression with ';
str_3 = [model_3, num2str(sample_ptsC), ' sample points, produced a modulus = ',
num2str(modulus_3),...
' kPa and R^2 = ', num2str(rsq_3), ' for ', num2str(model_ti3)];
disp(str_3)

%% GRAPH 20% DEFORMATION FOR ALL THREE SAMPLES IN
UNCONFINED COMPRESSION LINEAR FITS SIMULTANEOUSLY
figure
plot(X,Yfit,'color','red');
hold on
plot(X_2,Yfit_2,'color','blue');
plot(X_3,Yfit_3,'color','green');
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legend('Sample #1','Sample #2','Sample #3');
hleg = legend('Location','SouthEast');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title('Linear Fits for Various Samples Subjected to 20% Unconfined
Compression','fontsize',14);

%% DETERMINE AVERAGE MODULUS VALUE AND STANDARD
DEVIATION FROM THE THREE SAMPLES TESTED
Avg_Modulus_Pa = (modulus + modulus_2 + modulus_3)/3; % Calculate average
modulus
SD = [modulus, modulus_2, modulus_3]; % Calculate standard deviation
Std_Dev = std(SD);
model_avg = 'The average Youngs modulus for these 3 samples tested is ';
model_sd = ' with a standard deviation of ';
str_avg = [model_avg, num2str(Avg_Modulus_Pa), ' kPa', model_sd,
num2str(Std_Dev),'.'];
disp(str_avg)
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A.2 Cyclic Unconfined Compression Loading Of One Sample on Rheometer
% PURPOSE: Using initial code for unconfined compression, this specific code % is
designed to determine the modulus of three different segments of the
% cyclic unconfined compression (1st, middle, and last step). Each modulus
% will be reported individually along with an average and standard deviation % at the
end.
% ****Figure titles and legends are default set to 15% unconfined compression %
deformation
clear all
close all

%% ADJUST TEXT FILES TO IMPORT & INITIAL SAMPLE HEIGHT
% Import txt files from Universal Analysis
% Must copy and paste the three separate file names in; code currently
% written for 6 mm diameter hydrogels
flow = importdata('20131219 6PVA MW147 4FT CYC4 D7-0006f exp.txt','\t',646);
model_ti = '20131219 6PVA MW147 4FT CYC4 D7-0006f exp';
gap_in = 3000; % Initial sample height (does not include holder height)
def_1 = 15; % Percent deformation of all three samples
str_ti = [model_ti, ' First Step Stress v Strain for ', num2str(def_1), ' percent
deformation'];
flow_2 = importdata('20131219 6PVA MW147 4FT CYC4 D7-0006f exp.txt','\t',1750);
flow_3 = importdata('20131219 6PVA MW147 4FT CYC4 D7-0006f exp.txt','\t',2854);

%% ANALYZE 15% DEFORMATION OF FIRST STEP
% Create new variables in the base workspace from those fields.
vars = fieldnames(flow);
for i = 1:length(vars)
assignin('base', vars{i}, flow.(vars{i}));
end
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% Create matrices for each variable
gap = data(8:end,1);
norm_force_N = data(8:end,2);
norm_force_Pa = data(8:end,3);
strain = data(8:end,4);
per_strain = data(8:end,5);
time_min = data(8:end,6);
time_sec = data(8:end,7);
%% Calculating stress, strain, and modulus
d = 6; % Diameter of samples in mm
r = (d*10^-3)/2; % Radius of samples in m
area = pi*r^2; % Cross sectional area of samples in m
c = 1;
% gap_sample = gap % Need to calculate strain with regards to the strain of the actual sample,
% not have it skewed by the height of the holder added in, so:
% gap_sample = gap - 3000;
for j = 1:length(gap)
Stress_kPa(c) = (norm_force_N(c)./area).*10^-3;
Strain(c) = ((gap_in - (gap(c) - 3000))/gap_in);
E_kPa(c) = Stress_kPa(c)./Strain(c);
c = c + 1;
end
plot(Strain,Stress_kPa,'o');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title(str_ti,'fontsize',14);
hold on
Y = Stress_kPa';
X = Strain';
%% Perform linear regression to fit a linear model to data & calculate E
p = polyfit(X,Y,1); %Fitting a linear line to the data
Yfit = polyval(p,X); %Use p to predict Y
Yresid = Y - Yfit; % Find residual values
SSresid = sum(Yresid.^2); % Get residual sum of squares
SStotal = (length(Y) - 1)*var(Y); % Total sum of squares
modulus = p(1); % Modulus is the slope of the linear polynomial fit
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rsq = 1 - SSresid/SStotal; % Computer R squared
plot(X,Yfit,'color','red');
legend('Collected data points','Linear Fit');
hleg = legend('Location','SouthEast');
sample_ptsA = length(data);
model = 'Linear regression of 15% compression with ';
str = [model, num2str(sample_ptsA), ' sample points, produced a modulus = ',
num2str(modulus),...
' kPa and R^2 = ', num2str(rsq), ' for ', num2str(model_ti)];
disp(str)

%% ANALYZE 15% DEFORMATION OF SAMPLE #2
% Imported txt file from Universal Analysis (above)
def_2 = 15;
str_ti2 = [model_ti, ' Midway Stress v Strain for ', num2str(def_2), ' percent
deformation'];
% Create new variables in the base workspace from those fields.
vars_2 = fieldnames(flow_2);
for i = 1:length(vars_2)
assignin('base', vars_2{i}, flow_2.(vars_2{i}));
end
% Create matrices for each variable
gap_2 = data(8:end,1);
norm_force_2_N = data(8:end,2);
norm_force_2_Pa = data(8:end,3);
strain_2 = data(8:end,4);
per_strain_2 = data(8:end,5);
time_2_min = data(8:end,6);
time_2_sec = data(8:end,7);
%% Calculating stress, strain, and modulus
d_2 = 6; % Diameter of samples in mm
r_2 = (d_2*10^-3)/2; % Radius of samples in m
area_2 = pi*r_2^2; % Cross sectional area of samples in m
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c_2 = 1;
for g = 1:length(gap_2)
Stress_2_kPa(c_2) = (norm_force_2_N(c_2)./area_2).*10^-3;
Strain_2(c_2) = ((gap_in - (gap_2(c_2) - 3000))/gap_in);
E_2_kPa(c_2) = Stress_2_kPa(c_2)./Strain_2(c_2);
c_2 = c_2 + 1;
end
figure
plot(Strain_2,Stress_2_kPa,'o');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title(str_ti2,'fontsize',14);
hold on
Y_2 = Stress_2_kPa';
X_2 = Strain_2';
%% Perform linear regression to fit a linear model to data & calculate E
p_2 = polyfit(X_2,Y_2,1); %Fitting a linear line to the data
Yfit_2 = polyval(p_2,X_2); %Use p to predict Y
Yresid_2 = Y_2 - Yfit_2; % Find residual values
SSresid_2 = sum(Yresid_2.^2); % Get residual sum of squares
SStotal_2 = (length(Y_2) - 1)*var(Y_2); % Total sum of squares
modulus_2 = p_2(1); % Modulus is the slope of the linear polynomial fit
rsq_2 = 1 - SSresid_2/SStotal_2; % Computer R squared
plot(X_2,Yfit_2,'color','red');
legend('Collected data points','Linear Fit');
hleg = legend('Location','SouthEast');
sample_ptsB = length(data);
model_2 = 'Linear regression of 15% compression with ';
str_2 = [model_2, num2str(sample_ptsB), ' sample points, produced a modulus = ',
num2str(modulus_2),...
' kPa and R^2 = ', num2str(rsq_2), ' for ', num2str(model_ti)];
disp(str_2)

%% TO ANALYZE 15% DEFORMATION OF LAST STEP
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def_3 = 15;
str_ti3 = [model_ti, ' Last Step Stress v Strain for ', num2str(def_3), ' percent
deformation'];
% Create new variables in the base workspace from those fields.
vars_3 = fieldnames(flow_3);
for i = 1:length(vars_3)
assignin('base', vars_3{i}, flow_3.(vars_3{i}));
end
% Create matrices for each variable
gap_3 = data(8:end,1);
norm_force_3_N = data(8:end,2);
norm_force_3_Pa = data(8:end,3);
strain_3 = data(8:end,4);
per_strain_3 = data(8:end,5);
time_3_min = data(8:end,6);
time_3_sec = data(8:end,7);
%% Calculating stress, strain, and modulus
d_3 = 6; % Diameter of samples in mm
r_3 = (d_3*10^-3)/2; % Radius of samples in m
area_3 = pi*r_3^2; % Cross sectional area of samples in m
c_3 = 1;
for h = 1:length(gap_3)
Stress_3_kPa(c_3) = (norm_force_3_N(c_3)./area_3).*10^-3;
Strain_3(c_3) = ((gap_in - (gap_3(c_3) - 3000))/gap_in);
E_3_kPa(c_3) = Stress_3_kPa(c_3)./Strain_3(c_3);
c_3 = c_3 + 1;
end
figure
plot(Strain_3,Stress_3_kPa,'o');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title(str_ti3,'fontsize',14);
hold on
Y_3 = Stress_3_kPa';
X_3 = Strain_3';
%% Perform linear regression to fit a linear model to data & calculate E
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p_3 = polyfit(X_3,Y_3,1); %Fitting a linear line to the data
Yfit_3 = polyval(p_3,X_3); %Use p to predict Y
Yresid_3 = Y_3 - Yfit_3; % Find residual values
SSresid_3 = sum(Yresid_3.^2); % Get residual sum of squares
SStotal_3 = (length(Y_3) - 1)*var(Y_3); % Total sum of squares
modulus_3 = p_3(1); % Modulus is the slope of the linear polynomial fit
rsq_3 = 1 - SSresid_3/SStotal_3; % Computer R squared
plot(X_3,Yfit_3,'color','red');
legend('Collected data points','Linear Fit');
hleg = legend('Location','SouthEast');
sample_ptsC = length(data);
model_3 = 'Linear regression of 15% compression with ';
str_3 = [model_3, num2str(sample_ptsC), ' sample points, produced a modulus = ',
num2str(modulus_3),...
' kPa and R^2 = ', num2str(rsq_3), ' for ', num2str(model_ti)];
disp(str_3)

%% GRAPH 15% DEFORMATION FOR ALL TIME POINTS IN CYCLIC
UNCONFINED COMPRESSION LINEAR FITS SIMULTANEOUSLY
figure
plot(X,Yfit,'color','red');
hold on
plot(X_2,Yfit_2,'color','blue');
plot(X_3,Yfit_3,'color','green');
legend('First Step','Midway','Last Step');
hleg = legend('Location','SouthEast');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title('Linear Fits For Sample Subjected to Cyclic 15% Unconfined
Compression','fontsize',14);

%% DETERMINE AVERAGE MODULUS VALUE FROM THE THREE
SAMPLES TESTED
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Avg_Modulus_kPa = (modulus + modulus_2 + modulus_3)/3; % Calculate average
modulus
SD = [modulus, modulus_2, modulus_3];
Std_Dev = std(SD);
model_avg = 'The average Youngs modulus for this dynamically compressed sample is ';
model_sd = ' with a standard deviation of ';
str_avg = [model_avg, num2str(Avg_Modulus_kPa), ' kPa', model_sd,
num2str(Std_Dev),'.'];
disp(str_avg)
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A.3 Unconfined Compression and Shear Testing of Hydrogel Scaffolds
% PURPOSE: To import data from a flow and oscillatory text file produced
% from rheometer analysis of a scaffold tested in unconfined axial
% compression and a shear time / frequency sweep.
% ****Figure titles and legends are default set to 15% unconfined compression
deformation
clear all
close all

%% ADJUST TEXT FILES TO IMPORT & INITIAL SAMPLE HEIGHT
% Import txt files from Universal Analysis
comp = importdata('20140717 10PVA MW95 4FT shear-0009f exp.txt','\t',196);
model_ti = '20140717 10PVA MW95 4FT A';
d = 6; % Diameter of sample
gap_in = 3000; % Initial sample height
def = 15; % Percent deformation of samples
shear_time = importdata('20140717 10PVA MW95 4FT shear-0010o exp.txt','\t',196);
shear_freq = importdata('20140717 10PVA MW95 4FT shear-0010o exp.txt','\t',287);
% Make sure to double check the line number of data import for time sweep
% and frequency sweep steps as they vary based on length of time sweep

%% ANALYZE 15% DEFORMATION OF SAMPLE #1
% Create new variables in the base workspace from those fields.
vars = fieldnames(comp);
for q = 1:length(vars)
assignin('base', vars{q}, comp.(vars{q}));
end
% Create matrices for each variable (4 to 20% axial strain)
gap = data(30:end,1);
norm_force_N = data(30:end,2);
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norm_force_Pa = data(30:end,3);
strain = data(30:end,4);
per_strain = data(30:end,5);
time_min = data(30:end,6);
time_sec = data(30:end,7);
%% Calculating stress, strain, and modulus
str_ti = [model_ti, ' Stress v Strain for ', num2str(def), ' percent deformation'];
r = (d*10^-3)/2; % Radius of samples in m
area = pi*r^2; % Cross sectional area of samples in m
c = 1;
for j = 1:length(gap)
Stress_kPa(c) = (norm_force_N(c)./area).*10^-3;
Strain(c) = ((gap_in - gap(c))/gap_in);
E_kPa(c) = Stress_kPa(c)./Strain(c);
c = c + 1;
end
plot(Strain,Stress_kPa,'o');
xlabel('Strain','fontsize',12);
ylabel('Stress (kPa)','fontsize',12);
title(str_ti,'fontsize',12);
hold on
Y = Stress_kPa';
X = Strain';
%% Perform linear regression to fit a linear model to data & calculate E
p = polyfit(X,Y,1); %Fitting a linear line to the data
Yfit = polyval(p,X); %Use p to predict Y
Yresid = Y - Yfit; % Find residual values
SSresid = sum(Yresid.^2); % Get residual sum of squares
SStotal = (length(Y) - 1)*var(Y); % Total sum of squares
modulus = p(1); % Modulus is the slope of the linear polynomial fit
rsq = 1 - SSresid/SStotal; % Compute R squared
plot(X,Yfit,'color','red');
legend('Collected data points','Linear Fit');
hleg = legend('Location','SouthEast');
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sample_ptsA = length(data);
model = 'Linear regression of 3-15% compression with ';
str = [model, ' produced a modulus = ', num2str(modulus),' kPa and R^2 = ',...
num2str(rsq), ' for ', num2str(model_ti)];
disp(str)

%% OSCILLATORY TIME SWEEP STEP
str_ti_time = [model_ti, ' Time Sweep with ', num2str(def), ' % deformation'];
str_ti_time2 = ['Time Sweep and Resulting Shear Moduli for ' model_ti];
str_ti_time3 = ['Time Sweep Normal Force for ' model_ti];
str_ti_time4 = ['Time Sweep Controlled Variables for ' model_ti];
% Create new variables in the base workspace from those fields.
vars_time = fieldnames(shear_time);
for q = 1:length(vars_time)
assignin('base', vars_time{q}, shear_time.(vars_time{q}));
end
% Create matrices for each variable
ang_freq_time = data(:,1);
temp_time = data(:,2);
time_time_sec = data(:,3);
osc_stress_time_Pa = data(:,4);
strain_time = data(:,5);
delta_time_deg = data(:,6);
Gp_st_time_Pa = data(:,7);
Gpp_loss_time_Pa = data(:,8);
gap_time = data(:,9);
normal_force_time_N = data(:,10);
%% Calculating Complex Shear Modulus and Poisson's Ratio
% Calculations for complex shear modulus G* come from G' and G" from time sweep
% step. Poisson's Ratio calculated using the complex Young's elastic Modulus E
% generated from uniaxial compression test step.
ang_freq_time_Hz = ang_freq_time./(2*pi);
Gp_st_time_kPa = Gp_st_time_Pa.*10^-3;
Gpp_loss_time_kPa = Gpp_loss_time_Pa.*10^-3;
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epsilon = 0.0001;
avg_window = 6;
converge = 4;
c_time = 1;
for h = 1:length(gap_time) - avg_window
Gp_st_time_kPa(c_time);
Gpp_loss_time_kPa(c_time);
G_complex_kPa(c_time) = Gp_st_time_kPa(c_time) + Gpp_loss_time_kPa(c_time)*i;
AbsG_complex(c_time) = sqrt((Gp_st_time_kPa(c_time))^2 +
(Gpp_loss_time_kPa(c_time))^2);
nu(c_time) = (modulus/(2*AbsG_complex(c_time))) - 1;
tandel_time(c_time) = (Gpp_loss_time_kPa(c_time))/(Gp_st_time_kPa(c_time));
for m = 1:avg_window
Gp_group(m) = Gp_st_time_kPa(c_time+(m-1));
Gpp_group(m) = Gpp_loss_time_kPa(c_time+(m-1));
end
Avg_Gp(c_time) = mean(Gp_group);
Avg_Gpp(c_time) = mean(Gpp_group);
if c_time > converge
if abs(Avg_Gp(c_time - converge) - Avg_Gp(c_time)) < epsilon % convergence
criterion
str_time = ['Storage modulus (G`) converged to ',...
num2str(Avg_Gp(c_time - round(converge/2))), ' kPa'];
disp(str_time)
str_time2 = ['Loss modulus (G``) is ',...
num2str(Avg_Gpp(c_time - round(converge/2))),' kPa'];
disp(str_time2)
str_time2b = ['Absolute shear modulus (|G*|) is ',...
num2str(AbsG_complex(c_time - round(converge/2))), ' kPa'];
disp(str_time2b)
str_time3 = ['Tan delta at convergence is ',...
num2str(tandel_time(c_time - round(converge/2))), ' deg'];
disp(str_time3)
str_time4 = ['Normal force is ',...
num2str(normal_force_time_N(c_time - round(converge/2))), ' N'];
disp(str_time4)
str_time5 = ['Time at convergence is ',...
num2str(time_time_sec(c_time - round(converge/2))), ' sec'];
disp(str_time5)
break
elseif abs(Avg_Gp(c_time - converge) - Avg_Gp(c_time)) > epsilon

140

c_time = c_time + 1;
end
if h == length(gap_time) - avg_window
disp('Storage modulus did not converge within time sweep')
str_time6 = ['Storage modulus (G`) is ',...
num2str(Gp_st_time_kPa(c_time - converge)), ' kPa'];
disp(str_time6)
str_time7 = ['Loss modulus (G``) is ',...
num2str(Gpp_loss_time_kPa(c_time - converge)), ' kPa'];
disp(str_time7)
str_time8 = ['Absolute shear modulus (|G*|) is ',...
num2str(AbsG_complex(c_time - converge)), ' kPa'];
disp(str_time8)
str_time9 = ['Tan delta is ', num2str(tandel_time(c_time - converge)), ' deg'];
disp(str_time9)
str_time10 = ['Time sweep ran for ',...
num2str(time_time_sec(c_time - converge)), ' sec'];
disp(str_time10)
end
else
c_time = c_time + 1;
end
end

figure
[hAx1,hLine11,hLine22] = plotyy(time_time_sec(1:h),Avg_Gp,...
time_time_sec(1:h),Avg_Gpp);
set(hLine11,'LineStyle','o')
set(hLine22,'LineStyle','*')
xlabel('Time (sec)','fontsize',12);
ylabel(hAx1(1),'Storage Modulus G` (kPa)','fontsize',12);
ylabel(hAx1(2),'Loss Modulus G`` (kPa)','fontsize',12);
title(str_ti_time2,'fontsize',14);
figure
subplot(2,1,1)
plot(time_time_sec,normal_force_time_N,'color','red');
xlabel('Time (sec)','fontsize',12);
ylabel('Normal Force (N)','fontsize',12);
title(str_ti_time3,'fontsize',14);
subplot(2,1,2)
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[hAx,hLine1,hLine2] =
plotyy(time_time_sec,gap_time,time_time_sec,ang_freq_time_Hz);
xlabel('Time (sec)','fontsize',12);
ylabel(hAx(1),'Gap (microns)','fontsize',12);
ylabel(hAx(2),'Ordinary Frequency (Hz)','fontsize',12);
title(str_ti_time4,'fontsize',14);
nu(c_time - converge);
G_complex_kPa(c_time - converge);

%% OSCILLATORY FREQUENCY SWEEP STEP
% Create new variables in the base workspace from those fields.
vars_freq = fieldnames(shear_freq);
for q = 1:length(vars_freq)
assignin('base', vars_freq{q}, shear_freq.(vars_freq{q}));
end
% Create matrices for each variable
ang_freq_freq = data(:,1);
temp_freq = data(:,2);
time_freq_sec = data(:,3);
osc_stress_freq_Pa = data(:,4);
strain_freq = data(:,5);
delta_freq_deg = data(:,6);
Gp_st_freq_Pa = data(:,7);
Gpp_loss_freq_Pa = data(:,8);
gap_freq = data(:,9);
normal_force_freq_N = data(:,10);
%% Plotting Shear Moduli Versus Frequency & Controlled Variables
str_ti_freq = ['Frequency Sweep and Resulting Shear Moduli for ' model_ti];
str_ti_freq2 = ['Storage Modulus for ' model_ti];
str_ti_freq3 = ['Loss Modulus for ' model_ti];
ang_freq_freq_Hz = ang_freq_freq./(2*pi);
strain_freq_per = strain_freq.*100;
Gp_st_freq_kPa = Gp_st_freq_Pa.*10^-3;
Gpp_loss_freq_kPa = Gpp_loss_freq_Pa.*10^-3;
figure
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subplot(3,1,1)
semilogx(ang_freq_freq,Gp_st_freq_kPa,ang_freq_freq,Gpp_loss_freq_kPa);
xlabel('Frequency (Hz)','fontsize',12);
ylabel('Shear Modulus (kPa)','fontsize',12);
title(str_ti_freq,'fontsize',14);
subplot(3,1,2)
semilogx(ang_freq_freq,Gp_st_freq_kPa,'o','color','blue');
xlabel('Frequency (Hz)','fontsize',12);
ylabel('Storage Modulus (kPa)','fontsize',12);
title(str_ti_freq2,'fontsize',14);
subplot(3,1,3)
semilogx(ang_freq_freq,Gpp_loss_freq_kPa,'x','color','green');
xlabel('Frequency (Hz)','fontsize',12);
ylabel('Loss Modulus (kPa)','fontsize',12);
title(str_ti_freq3,'fontsize',14);
figure
subplot(3,1,1)
plot(time_freq_sec,normal_force_freq_N,'color','blue');
xlabel('Time (sec)','fontsize',12);
ylabel('Normal Force (N)','fontsize',12);
title('Frequency Sweep Resulting Normal Force','fontsize',14);
subplot(3,1,2)
plot(time_freq_sec,gap_freq,'color','red');
xlabel('Time (sec)','fontsize',12);
ylabel('Gap (microns)','fontsize',12);
title('Frequency Sweep Controlled Axial Compression','fontsize',14);
subplot(3,1,3)
plot(time_freq_sec,strain_freq_per,'color','green');
xlabel('Time (sec)','fontsize',12);
ylabel('Shear Strain (%)','fontsize',12);
title('Frequency Sweep Controlled Strain Rate','fontsize',14);
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APPENDIX B: RHEOMETER PROTOCOL
B.1 Unconfined Compression and Shear Testing of Hydrogel Scaffolds
GOAL: To perform a time and frequency sweep of polymer scaffolds under unconfined
compressive strain on the ARES 2000 Rheometer (TA Instruments).
Materials:
• 40 mm stainless steel parallel plate geometry for the ARES 2000 Rheometer
• Hydrogel or viscous solution samples (n > 3)
• 6 mm biopsy punch
Methods:
1. Conduct the SOP for AR2000 Rheometer Start-Up.
2. When you come to step 14 in that SOP, follow these directions.
3. Enter the height of your scaffold / hydrogel sample under geometry height
4. Procedure  New  Oscillation
5. Conditioning Step
a. Check wait for temperature and enter desired value (25° C for room temp
or 37° C for cell studies)
b. Uncheck wait for normal force
c. Uncheck equilibration
d. Check the “Active” box under Control normal force heading
i. Normal force = 0
ii. Normal force tolerance = 0.1000 N
iii. Gap change limit down = 0.90*sample height (µm)
1. This is for a 10% deformation
2. So for a 20% deformation, 0.80*sample height
iv. Gap change limit up = height of sample (µm)
e. Click ‘compression’ circle
6. Right click on Conditioning Step  Add Step  Flow Squeeze/Pull off test
a. Gap speed: 10.0 µm/s
b. Compression
c. Distance: 0.10*sample height
i. Above is for a desired 10% deformation
d. Sampling  sample points: 100 per 10% deformation
e. Temperature = same as in conditioning step, do not check ‘wait’
f. Step termination tab: leave blank
7. Right click on Squeeze/Pull off test step  Add Step  Flow Continuous
a. Test type: continuous ramp
b. Test settings
i. Ramp: shear rate (1/s)
ii. From: 0 to 140
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iii. Duration: 1 minute
iv. Mode: linear
c. Sampling: Delay time 1 second
d. Check the box for “Match duration and start value to previous step”
e. Leave all other steps blank
8. Right click on Continuous Ramp Step  Add Step  Oscillation Time sweep
a. Test type: time sweep
b. Test settings: duration = 5 minutes (or longer if you need for your sample
to achieve a plateau in its shear modulus)
c. Delay time: 1 second
d. Temperature: same as in conditioning step
e. Controlled variable: % strain = 1%
f. Frequency: single
i. Frequency (Hz) = 1
9. Frequency sweep step
a. Test type: frequency sweep
b. Test settings
i. Frequency (Hz): 1 to 100
ii. Mode: log
iii. Points per decade: 10
c. Temperature: same as in conditioning step
d. Controlled variable
i. % strain: 1.0
10. Post-Experiment Step  don’t need to change anything
11. Load the sample, centered under the geometry
12. Experiment  Run (or hit green play button)
a. Enter a new sample and file name of the format: YEARMMDD sampleID
b. Do NOT use underscores; data analysis in MATLAB will not work
properly!!
c. It will prompt you if you want the gap to be matched, click yes/ok
13. Once procedure has completed, return the head to the back-off distance
14. When done running experiments, follow the SOP for AR2000 Rheometer ShutDown.
15. FOR DATA EXPORT: two files will be generated, one for the first two flow
steps and another for the two oscillation steps. The first is denoted as -0001f and
the second as -0002o.
a. Variables to export for flow file (0001f):
i. Gap (microns)
ii. Normal force (N)
iii. Normal stress (Pa)
iv. Strain
v. % Strain
vi. Time (min)
vii. Time (sec)
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viii. Shear rate (1/s)
b. Variables to export for oscillation file (0002o):
i. Ang. Frequency (rad/s)
ii. Temperature
iii. Time (s)
iv. Osc. Stress (Pa)
v. Strain
vi. Delta (degrees)
vii. G’ (Pa)
viii. G” (Pa)
ix. Gap (microns)
x. Normal force (N)
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APPENDIX C: DYNAMIC COMPRESSION MACHINE
DESIGN
C.1 PVA Plate Design
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Figure 54: Solidworks rendition (by SH) of initial hand-drawn design for a stainless steel negative
plate to make a silicone 48 well plate for improved scaffold fabrication.
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C.2 Specifications for Machine
C.2.1. Machine Design Specifications
Authors: Meredith Koch, Keith Oldinski
Introduction
This machine is being built for the purpose of axial, unconfined dynamic compression
testing of materials used for biological applications. Mechanical loading will be applied
to cell-seeded hydrogel scaffolds in order to examine mechanical strength and tissue
growth. It will be used for short-term studies as well as long-term studies.
Mechanical Requirements
1. Actuator shall be capable of compression loading of 0 to 300N.
2. Compression loading shall occur at 1 Hz.
3. Maximum duration of loading shall be 4 hours.
4. Maximum actuator travel at 1 Hz shall be 200µm.
5. Full actuator travel shall be sufficient to remove a sample tray. Speed not
important at full travel.
6. Actuator shall be displacement controlled to accuracy of 10µm.
7. Zero backlash required, or displacement transducer shall be such that it negates
the need for the zero backlash requirement.
8. Machine shall be capable of measuring applied load by actuator in the range of
0.06N to 500N.
Design Requirements
1. Sample tray shall contain 36 circular wells to hold samples.
2. Each well shall be 8mm in diameter and 8mm in depth.
3. The sample tray and plunger shall be easily removed from the machine.
4. The sample tray shall contain a feature so it can easily be indexed when set into
the machine.
5. The sample tray shall prevent fluid ingress from one well to another.
6. The machine shall weigh less than 10kgf.
7. The envelope of the machine shall be 14” x 14” x 20” Tall.
Material Requirements
1. Material in contact with hydrogel samples shall be constructed from ASTM F138
Stainless Steel.
2. Materials for other components shall be compatible with the environmental
conditions of this specification.
Environmental Requirements
1. The machine will be housed in an incubator maintained at 37°C and 5% CO2.
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Electrical Requirements
1. The actuator shall be controlled by displacement.
2. LabVIEW shall be used for GUI.
3. The GUI shall display, in real time:
a. Force
b. Percent strain of samples
c. Duration of test and time remaining
d. Temperature
4. The GUI shall allow user input for:
a. Number of samples
b. Diameter of sample
c. % strain
d. Height of sample
e. Duration of test
f. Pause interval
5. The user input shall be re-accessible.
6. If this type of input is too complicated then separate programs shall be written and
accessible from the GUI.
7. At a minimum LabVIEW shall record time, force, and all displacements
measurements in tabular form for post processing operations performed separately
by the end user. The tabular record shall also indicate any user inputs or program
specific data selected by the end user, i.e., number of samples, diameter, etc.
8. A control box/panel is required to house the power supply, motor controller,
instrumentation conditioners. The control box will be stored outside the
temperature controlled incubator and shall feature an easily accessible emergency
stop button.
9. A desktop computer will be provided by EBRL for connections from the control
box to the computer. The computer will have LabVIEW installed.
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C.2.2. Actuator Specifications
Author: Keith Oldinski
Application
A single linear actuator is required for purposes of building a compression testing
machine for biomedical research testing. The actuator will be instructed to compress a
hydrogel sample based on displacement control.
Environment
1. Temperature of environment is 40°C. Air is 5% CO2
2. Humidity is unknown. The environment will be controlled to maintain 40°C in
combination with a tray of distilled water.
Load
1. Applied load range shall be 0 to 275N. A service factor is required and supplier to
advise appropriate service factor based on duty requirements.
2. Daily duty shall be 9 hours of continuous full capacity loading at 4 Hz.
3. 9 hour tests to be conducted 6 day a week for 3 years.
Displacement
1. Maximum actuator travel at 4hz shall be 0.5mm.
2. Full actuator travel shall be 50mm. Speed not important at full travel.
3. Actual travel during duty shall be 1µm.
4. Displacement transducer such as LVDT or Encoder shall be integral to the
actuator.
5. Zero backlash required, or displacement transducer shall be such that it negates
the need for the zero backlash requirement.
Controls
1. The controller/actuator shall be compatible with LabVIEW.
2. Controller, if required, shall be PCI compatible, or similar.
3. Travel position shall be reported.
4. Travel shall be controlled to 1 µm
5. Power Supply required.
6. Power cables and control cable(s) required.
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APPENDIX D: LIST OF ABBREVIATIONS
ALP - Alkaline Phosphatase (osteogenic)
BMP - Bone Morphogenetic Protein (osteogenic)
BSA – Bovine Serum Albumin
Cβfα-1 – Core Binding Factor Alpha 1
Col-I - Collagen I (osteogenic)
Col-II - Collagen II (chondrogenic)
DAPI – 4’, 6-Diamidino-2-Phenylindole Dihydrochloride
DBM - Demineralized Bone Matrix
DL - Dynamic Loading
DM - Differentiation Medium
DMMB – 1,9-Dimethyl Methylene Blue (chondrogenic)
DMSO – Dimethyl Sulfoxide
E - Elastic Modulus
ECM - Extracellular Matrix
F/T - Freeze-Thaw
FABP - Fatty Acid Binding Protein (adipogenic)
FBS – Fetal Bovine Serum
FITC – Fluorescein Isothiocyanate
G - Shear Modulus
GAG - Glycosaminoglycan
HA - Hyaluronic Acid
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IHC - Immunohistochemistry
KLM - Kuei, Lai, Mao
LPL - Lipoprotein Lipase (adipogenic)
MAPK - Mitogen Activated Protein Kinase
MeHA - Methacrylated Hyaluronic Acid
Micro CT - Microtomography
MSCs - Mesenchymal Stem Cells
mRNA – Messenger Ribonucleic Acid
MTT - 3-[4,5-Dimethylthiazol-2-Yl]-2,5-Diphenyltetrazolium Bromide; Thiazolyl Blue
MW – Molecular Weight
MyoD - Myosin D (myogenic)
OA - Osteoarthritis
OC - Osteocalcin (osteogenic)
OCT – Optimum Cutting Temperature
PBS - Phosphate Buffered Solution
PDMS – poly(dimethylsiloxane)
PEG - Polyethylene Glycol
PG - Proteoglycan
PPARG - Peroxisome Proliferator-Activated Receptor Gamma (adipogenic)
PVA - Poly(Vinyl Alcohol)
RGD – Arginylglycylaspartic Acid (L-Arginine, Glycine, L-Aspartic Acid)
RT - Room Temperature
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SAS - Statistical Analysis Software
SEM - Scanning Electron Microscopy
Silane – (tridecafluoro - 1, 1, 2, 2 -tetrahydrooctyl) – 1 - trichlorosilane
Sox9 - Sex Determining Region Y-Box 9 (chondrogenic)
TCPS - Tissue Culture Polystyrene
UV - Ultraviolet
W/V – Weight / Volume
α-SMA - Alpha Smooth Muscle Actin (myogenic)
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